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Stockholm, March 8th, 1949, 
—— 
Professor H. Alfvén 
The Royal Institute of Technology 
Stockholm 26, Sweden 
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Tracerlab ¢ i “IP Opies 
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WA. 


Dear Mr. Barbour, 


Best thanks for your letter of January 21st. It 
may be of interest to you that the Ericson Company has a 
non exclusive license in U.S.A. but only for their own 
use with no right to sell to other companies. We are looking 
for a co-operation with an American Company for manufacturing 
the trochotrons and the possibilities to sell tubes to you 
depend upon the agreements, which can be made with such a 
Company. We have so far not made any decisions, and if you 
have any Suggestions, we are interested to hear from you. 
I send under special cover a publication "Theory and applica- 
tions of trochotrons", which represents the state of our in- 
vestigations about one year ago. Since then we have made 
very good progress, We have now tubes, which work satis-— 
factorily with 5 mA at 200 volts or 2 mA at 100 volts. We 
have also made some new types of tubes, which give as much 
as 10 mA at a maximum voltage of only 40 volts, but this 
type is so far not investigated very carefully. 


Very truly TOURS, 
HAL pay | 


H. Alfvén 


‘Si 
dO § 
, ADO'IONH 


8r6l 


spit ae 


SNV'T 


Forteckning over Kungl. Tekniska Hégskolans Handlingar: 


Is 


to 
to 


List of Publications of Members of the Staff of The Royal Institute of 
Technology, Stockholm. 270s. 1947. Kr. 14:—. 

NyYLANDER, HENRIK och Horst, Hans: Ndgra undersékningar rérande 
skivor och héga balkar av armerad betong. 66 s. 1946. Kr. 2: —. (Med- 
‘delanden fran Institutionen for Byggnadsstatik). 

Neovius, Gésta: New Methods of Filter Design by Means of Frequency 
Transformations. 41s. 1946. Kr. 2: —. 

HEListROM, Nits: On Distillates from Wood. 15 s. 1947. Kr. 1: —. 

SAMUELSSON, Otor: Feiniyung von Wasser durch Ausflockung. 15 s. 1947. 
Kr. 1: —. 

Hatin, Ertx: Some Units in the Giorgi System and the C. G. S. System. 
44s. 1947. Kr. 2: 50. 

Bacxstr6m, Marts: A Peculiar Thermodynamical Analogy. 12 s. 1947. 
Kr. 1:—. 

WerRtTHEN, Hans, and Nitsson, Bsérn, An Automatic Impedance Meter. 
95s. 1947, Kr. 4: 50. 

EccweErtz, Sicce: Theory of Elasticity for Thin Circular Cylindrical 
Shells. 26.8. 1947, Kr. 2: —. 

Niorpson, Friruior I. N., Buckling of Conical Shells Subjected to Uniform 
External Lateral Pressure. 23-s. 1947. Kr. 1: 50. 

Forsssprap, Lars, Effects of Wind, Waves, and Current on Floating 
Timber. 75.s. 1947. Kr. 3: 50. 

Hatieén, Erin, Iterated Sine and Cosine Integrals. 6 s. 1947. Kr. l:—. 

Haritn, Ertx, On Antenna Impedances. 18 s. 1947. Kr. 2:—. 

Tuam, Percy, Photogrammetric Orientation Data and Determination of 
their Accuracy. 38s. 1947. Kr. 2: 50. 

Matmauist, Lars, Temperature Measurements in High-Velocity Gas 
Streams. 548. 1948. Kr. 3:—. 

BsERHAMMAR, ARNE, A Method of Combined Centring and Levelling for 
Surveying Instruments Equipped with Optical Plumb Indicators. 32 s. 
1948. Kr. 2: —. 

Mo6rTsetL, SturE, On Accuracy of Sieve Analyses Made by Means of 
Sieving Machines. 45 s. 1948. Kr. 3:—. 

WEIBULL, W., Waves in Compressible Media. I. Basic Equations. any. 
Plane Continuous Waves. 38s. 1948. Kr. 3:—. 

Matmuow, G., Thermal Ageing Properties of Cellulose Insulating Materials. 
67 s. 1948. Kr. 3:—. ‘ 

Jonansson, C. H., Theoretical Investigation of the Hffect of Capillary 
Suction on Transfer of Moisture in Hygroscopic Materials. 16s. 1948. 
Kr. 2:—. 

HEListroM, Nits, On Distillates from Fir Stumps. Part. I. Fir Tar and 
Oils from Fir Tar. Part II, Neutral Substances Present in Fir Tar 
and Oils from Fir Tar. 54s. 1948. Kr. 3: 50. 

ALFvENn, H., LinpBEeRG, L., MatmMrors, K. G., WALLMARK, T.,. and 
Asrrom, E., Theory and Applications of Trochotrons. 106 s. 1948. 
Kr. 6:—. 


KUNGL. TEKNISKA HOGSKOLANS 
HANDLINGAR 


TRANSACTIONS OF THE ROYAL INSTITUTE OF TECHNOLOGY > 
STOCKHOLM, SWEDEN 
Nr 22 1948. 


THEORY AND APPLICATIONS OF 
TROCHOTRONS 


BY 


H. ALFVEN, L. LINDBERG, K. G. MALMFORS, 
T. WALLMARK AND E. ASTROM 


GOTEBORG 1948 
ELANDERS BOKTRYCKERI AKTIEBOLAG 


ON TROCHOIDAL ELECTRONIC BEAMS AND THEIR 
USE IN ELECTRONIC TUBES (”TROCHOTRONS”) 


BY 


HANNES ALFVEN 


1. Introduction 


In a homogeneous magnetic field a charged particle with a velocity 
perpendicular to the magnetic field moves in a circle. If the magnetic 
field is slightly inhomogeneous, or if it is superimposed by a crossed 
electric field, the circle »drifts», so that the path of the charged particle 
becomes a trochoid. If the particle has a velocity component parallel to 
the magnetic field, a translational motion is also produced. Although 
this has been well known for some time, the trochoidal motion of 
electrons has only been employed in a few special cases. The first to 
make use of the trochoidal motion seems to have been THIBAUD,!) 
who analyzed f-rays from radioactive substances by means of an 
inhomogeneous magnetic field, in which the f-rays moved along 
trochoidal paths. The trochoidal motion in a magnetic field superim- 
posed by an electric field is discussed, in principle, in many textbooks 
(especially in connection with the theory of magnetrons), but a 
more detailed analysis of the properties of the motion seems to be 
lacking. 

In cosmical physics, charged particles in the magnetic fields of 
the earth, sun, or other celestial bodies, usually move in orbits of 
trochoidal character. For the study of charged particles in cosmical 
physics, the investigation of the properties of the trochoidal motion 
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‘Fig. 1. Motion in inhomogeneous magnetic field. 


1) THIBAUD, Cim. 15, 313, 1938. 
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is of paramount interest. When trying to check the results by labora- 
tory experiments, it was found in this laboratory some years ago 
that trochoidal beams of electrons possessed properties which make 
them very interesting, even for technical purposes. Investigations 
were started in order to study trochoidal beams, and to construct 
tubes in which use was made of their properties. These tubes, have 
been called trochotrons. 

A preliminary report on the trochotron was published some time 
ago by H. Romanus and the present author.!) Others who have 
taken part in the investigations of trochoidal beams and the technical 
development of the trochotron, are J. ByORKMAN, G. HAMBRAEUS, 
K. G. Hernevist, L. LinpBere, 8. Lunpquist, K. G. MaLmrors, 
B. SrROMBERG, T. WaLLMaRK, S. WarRRING and E. Astrom. Their 
results are published in the following papers by WaLLMaRK,?) LIND- 
BERG,’) AsTROm*) and Matmrors.®) 

The purpose of the present paper is to give a general survey of 
the properties of trochoidal electronic beams, and their application 
in electronic tubes. 


2. On the Trochoidal Motion of Charged particles 


Suppose that a charged particle moves in a magnetic field, even- 
tually superimposed by an electric field, the inhomogeneities of 
which are so small that the relative change in field strengths over 
the radius of curvature r of the particle path is small. Then the 
motion may be approximated by a circular motion, around a centre 
which drifts. The radius of curvature is given by 


(= VS ae (1) 


eB 
where Bis the magnetic field, e and m the electronic charge and mass, and 


1 
Vi = > ome (2) 

1) AtFvén, H.: and Romanus, H. Valve with trochoidal electronic motion, Nature, 
160, p. 614, 1947. 

2) WaALLMARK, T.: Design and properties of trochotrons. 

3) LinpBEerG, L.: Design of trochotron circuits. 

4) Astrom, E.: Experimental investigations on an electronic gas in a magnetic 
field. 

5) Martmrors, K. G.: On the instability of an electron gas in a magnetic field. 
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the kinetic energy associated with the circular motion v,. M. K. 8. A. 
units are used. The inhomogeneity of the magnetic field, and the 
eventually applied electric field, make the centre of the circle drift 
with a velocity u with the components u parallel to and u_ 
perpendicular to the magnetic field. These components can be 
computed from the differential equations’) 


1 > a 
i ape Mica? aL (3) 
i a 
Bif+f"+f)=0 (4) 


In these equations f is the force acting upon the particle. If this 
is due to an electric field we have 


>lUlC O 


f=e (5) 
The fictive force 
> 
{” =p» grad B (6) 
with 
We. 
ao (7) 


accounts for the drift due to the inhomogeneity of the magnetic 
field. Further 


> 
= du 
ad Ts (8) 


has the character of an inertia force. During the motion, “ remains 
constant. : 

We shall here confine ourselves to the case of a homogeneous 
magnetic field, which, in fact, is must important in this connection, 
because most of the work on trochoidal beams has been carried out 
under these conditions. Then we have /” = 0. Denoting the 


1) Aurvén, H.: On the motion of a charged particle in a magnetic field, Ark. f. mat. 
astr. o. fys. 27 A No. 22. 
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Fig. 2. Motion in homogeneous magnetic field and crossed electrical field. Left 


1 
wu, =2v_; centre u, =v_; right uw, = ee v__. Horisontal lines are equipotential lines. 


components of # parallel and perpendicular to B by H, and #, and 
inserting (5) and (8) into (4) we obtain 


= eH (9) 


expressing the simple fact that the motion u, parallel to B is an ordi- 
nary accelerated motion, unaffected by the magnetic field. From (3) 
we obtain in a similar way 


> LL Fe m du ; 
= Rp Bx Sue. ae (10) 
When the rate of change in the drift velocity is slow — which is 
often the case — the inertia term may be neglected and we simply 
have 
> i> => 
“,=—=EXB (11) 
Confining ourselves to the two-dimensional case (H, = 0; vj) = 0) 


it is obvious from (11) that the drift is perpendicular to the electric 
field. As the field is perpendicular to the equipotential surfaces (in 
the two-dimensional case: equipotential lines), the result is that (for 
f' = 0) the drift follows an equipotential line. The curve described by 
a point which moves on a circle, the centre of which drifts, is called a 
trochoid (or in the special case when the circular velocity equals the 
drift velocity, a cycloid). 


The velocity of the particle at a certain point is 


a a 


. vysvu tutu (12) 


and consequently the kinetic energy 


1 2 1 2 
Wi me =Wi+ Wy ty mut my a (13) 
where 
l 2 
Wi = gq Uj (14) 


For motion perpendicular to B, W), is zero, and the kinetic energy 
varies between the limits [compare (2)] 


Wrax = W, (1+) (15) 
and 
Wrain = Wiis (1 =—4) (16) 
with 
n= lee (17) 
The average is 
Ww = W, (1+ 7) (18) 


Since the sum of kinetic energy and potential energy remains 
constant, it is easy to find the corresponding electrostatic potentials. 
In fact, supposing that electrons are emitted from a cathode at zero 
potential, and that the circular motion represents the energy W, = 
e V,, the centre moves at the potential 


V =V, (1 +7) (19) 


The trochoid is confined to the region between the potentials 


Vy = ¥, (1 —9F (20) 
and 


Va = Fe (hep ay (21) 


As long u,, and consequently 7, remains constant, the drift takes 
place along an equipotential line. A change in wu, means that the 
inertia term in (3) and (10) differs from zero, and the path of the centre 
is displaced from one equipotential line to another. In cases of most 
interest in the following, the deviation of the centre path from an 
equipotential line is not very large. In fact, if w, varies from 0 
(corresponding to a stationary circle) to v, (corresponding to cycloid 
case), the centre line is displaced perpendicular to the equipotential 
lines, only half way to the upper limit of the trochoid, i. e. a quarter 
of the breadth of the trochoid. 


3. Properties of a trochoidal beam 


A trochoidal beam is formed, for example if electrons are shot 
out with a certain initial velocity v; in a magnetic field B, crossed 
by an electric field E. Let us suppose that the electric as well as the 
magnetic field is homogeneous, and that the initial velocity is per- 
pendicular to the magnetic field, but makes the angle y with the 
electric field. At the point of emission, the vector sum of the drift 


> > => 
u, and the circular velocity v, should equal v;, which gives 
v = (yu; sin p—u,)+ (v4; cos pP? =e? + w_ — 24,4, sin — (1) 


where wu, = E/B. Introducing 


m | E \? 

a= 2G aR ) 
my 2 

Vong Mi (3) 


m 
and observing that V, = >— v, we find 


V,= Ve + Ve—2V VV a ain @ (4) 


Introducing this value into (2.19), (2.20), and (2.21), we find the 
average, minimum and maximum voltage of the trochoid. The 
value of 7 is given by 


n=VVx/V_ (5) 


Let us discuss three cases of special interest: 

1) The electrons are emitted with no initial velocity (Fig. 3a). 
Then we have V;=0; V,= Vz; 7 = 1. The centre of the circle 
drifts along the equipotential line 


V=20;, (6) 
An electrode may be hit by the beam if its voltage is between 
Vy, =0 (7) 
and 


V2 — 4 Ve (8): 


The quantity Vz is given by the ratio of the electric and magnetic 
field according to (2). As a numerical example, if E = 400 volt/cm 
and B = 200 gauss, we have Vz = 11 volt. 

In this case the path is a cycloid. 

2) The electrons are shot out anti-parallel to the electric field 
by an electron gun, which, consequently, is directed towards the 
positive electrode (Fig. 3b). The cathode of the gun is at zero, the 
anode at V;, which at the same time is the voltage at the point where 
the gun is situated. The electric field is still homogeneous. We put 


x= Vi/Vp (9) 
As gy = 2 we obtain 


Vo = Ve (1+ %) (10) 


1 
and as 7= (1+) 2 the maximum and minimum voltages are 
Vie = (Oe 2 V te) Vy 
Ve= (2+x+2V1i+x)-Vz 


3) The electrons are emitted uniformly, in all directions of the 
plane, with an initial velocity corresponding to V;. This case is 
realized approximately if the cathode is a thin wire parallel to B, and 
the voltage of the wire differs from the voltage at the same point 
of the undisturbed field by V;. (Fig. 3). 
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Fig. 3a. Electrons emitted from cathode c with no initial velocity. 
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Fig. 3b. Electrons emitted from electron gun G with initial velocity. 
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Fig. 3c. Electrons emitted from a filament at the voltage of the negative plate. 
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A complex trochoidal beam is formed, consisting of a continuum 
of trochoidal beams with potentials V, varying between the limits 
Vi and V%’. ; 

Confining ourselves to the case V; > Vz, which is of most interest, 
we have 


Vi Ve Vg 2 VV a = Va V1)? 
Vi = Vit Vet 2V Vi Ve = Ve(V% +1)? 


where x = V,/V3g. Introducing (5) we find from (2.19) and (2.21) that 
an electrode may be hit by at least a part of the complex trochoidal 
beam if its voltage is above 


Vi = Vs (1 —n = Vg (Vx —2)? 
or below 


Vy = Ve (1+ ni? = Va Vx + 2) 


For x = 5 we have Vi = 0.06 Vz = 0.01 V;; Vi) = 18.0 Vz = 3.6 V;. 


4. Current-voltage characteristic of an electrode 


For the discussion in § 3, we have assumed the electric field to be 
homogeneous. This means that the electrode, which receives the 
trochoidal beam, or part of it, must not disturb the field. Hence, 
when we change its voltage, we must at the same time displace it 
in the field. According to the assumption that the receiver is a plane 
sheet, parallel to the equipotential surfaces, and with its breadth at 
least equal to the periodic length of the trochoid, we obtain the 
current-voltage characteristics of Fig. 4 for the three cases discussed 


Jj} J J 


F = 

a b v 7 v 

Fig. 4. Theoretical current-voltage characteristics for the three different electrode 
arrangements of fig. 3. 


c A in § 3. The last one is obtained by 
numerical integration according to the 
4 assumption mentioned above. 
8 In practice we wish to keep the elec- 
boa trode configuration unchanged, and 
only vary the voltage of the receiver 
electrode. Then the electric field becomes, in general, inhomoge- 
neous, and the drift changes. The effect of this may be estimated 
from § 2. For example, suppose that the electrode configuration is 
as shown in Fig. 5. A trochoidal beam is emitted from an electron 
gun, placed between two parallel plates A and B, and received by a 
plate C which is the continuation of the positive plate A. The 
highest voltage at which the plate C receives electrons is 


V=V,(1+ 7? 


If the electrode distance is a we have 


— 
Le = eB 
with 
a=av,B 


Thus, the high energy cut-off is given by 
V=V,(1 + V/a)? 


The low energy cut-off is more difficult to compute, because the 
beam passes between A and C, and the sharp edges introduce inhomo- 
genities, so that the electric field varies considerably over the distance 
r. This means that our formulae are no longer valid. The path 
must be found by numerical or graphical integration. 

In the most important practical cases the characteristic curves 
are not very different from the ideal curves of Fig. 3. 

In case 1) in § 3, the cathode was supposed to be a thin filament 
parallel to B. The emitted electrons move in a cycloid. Suppose 
that instead, the cathode is a plane surface perpendicular to E, 
with its breadth equal to the distance between two consecutive cusps 
of the cycloid. If the emission of the cathode is uniform we obtain 
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a continuous and uniform distribution of cycloids, all having the 
same potential. We call such a beam a trochoidal beam without ray 
structure, whereas if some of the cycloid paths have higher electronic 
density than others, we speak of a beam with more or less pronounced 
ray structure. 

When the beam is emitted by an electron gun, a beam with ray 
structure is obtained. If the electrons leave the gun under a large 
solid angle, the ray structure is usually smoothed out considerably 
after a few loops. In case 3) of § 3, the ray structure is usually not 
very pronounced. In general, space charge, especially near the ca- 
thode, tends to smooth out the ray structure. 

In particular when the receiving electrode is of small dimensions 
or has sharp edges, the ray structure of the beam makes the current- 
voltage curves lose their smoothness, and introduces a multitude of 
secondary maxima and minima. 


5. General properties of a trochotron 


The principle discussed above can be used in a great variety of 
ways to construct tubes for different purposes. During the last few 
years more than a hundred different tubes have been constructed 
and tested in this laboratory. In order to illustrate some important 
properties of these tubes, we shall briefly discuss one of the simple 
trochotron types. A more detailed treatment will be found in the 
paper by WaALLMARK. The construction of a simple trochotron is 
seen from Fig. 6. A magnetic field of the order of a few hundred 
gauss is perpendicular to the plane of the paper. The cathode c may 
be a filament or a small electron gun. The electrode, called the »rail» 


Fig. 6. Simple trochotron circuit. 


14 


Fig. 7. Current-voltage curve of trochotron. 


because the trochoid rolls upon it, is at zero, or a few volts negative 
in relation to the cathode. The electric field is produced between 
the rail and a series of positive electrodes, of which the »anode» a 
is close to the cathode. The other positive electrodes are of two 
different types: the long spade-like electrodes s, s,... 8,9 are 
called »spades» and the small electrodes p, p. 3... Pio are called 
»plates». All these electrodes are, normally, at a positive voltage of 
about 200 volts, except spade 1, which is connected to the rail. 
The trochoidal beam, emitted from the cathode, follows approximately 
an equipotential line, which runs between the rail and the spades 
through the entire tube. At the end of the tube it passes through 
the small spacing between the first spade and first plate. When the 
trochoidal beam reaches.this space the electrons hit plate 1. It has 
been found that practically the whole current emitted from the 
cathode (more than 99.9 %) can reach plate 1, in spite of the fact 
that it passes close to all the positive spades on its long journey. 

If the voltage of one of the spades, say s,, is changed, we obtain 
the current-voltage characteristic as shown in Fig. 7. The current to 
the plates », and p, is indicated in the same figure. Hence, the spade 
acts as a switch, which makes the current go alternately to p, or p4. 
If the spade s, is connected to the high voltage V, by a sufficiently 
large resistance Rf, the switch is made »self-locking». In fact the 
current-voltage characteristic of s, is cut by the straight line 


V=V,—Ri 
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at three points A, B and C, which represent the possible states. Of 
these points, B is unstable, so that in reality there are two stable 
positions, A and C. If the »switch» is in position A, the spade takes 
no current and is consequently at constant high voltage. The 
beam goes to plate p,. At point C the spade takes so much 
current that the voltage drop in the resistance keeps it at a low 
voltage. That part of the beam, which is not taken by the spade, 
goes to plate p,. 

Hence it is seen, that in a trochotron every spade maybe used as 
a self-locking switch, which may be operated by external pulses. 
The pulse technic is discussed in detail in the paper by LINDBERG. 
Only a simple example will be given here. 

Suppose that all spades are connected by resistances R to the high 
voltage, and that all plates are connected together to an input ter- 
minal A. The plates are initially at a high voltage, and the beam 
lands on plate p,. If a negative pulse is applied to the input terminal, 
the voltage of all the plates drops. The equipotential line, which 
initially passes through the specing between the spade s, and plate p,, 
is now changed, so that it passes between plate », and spade s,. Hence 
the current goes to spade s,, the voltage of which drops, because of 
the series resistance. The result is that the beam is switched over 
from plate p, to plate p,. If the negative input pulse has passed, 
when the switching is finished, the beam remains in the second box 
as long as no other pulse is applied. A second pulse switches it over 
in the same way to the third box, so that the current flows to spade 
s, and plate p,. Every new pulse is effective only in the box, where 
the beam terminates, because the plates to the left or to the right 
of that box are too far away from the trochoidal beam to affect it. 
When finally the beam has been brought to the last box (spade s,, 
and plate p,,)), the next negative pulse brings it over to the anode a. 
If this is connected to a series resistance, its voltage drops, so that 
the emission from the cathode is cut off. Then all voltages in the 
trochotron are restored to the initial conditions, so that when the 
anode voltage goes up again, the beam lands on plate 9,. 

The result is that the trochotron in this circuit acts as a cyclic 
switch. If the trochotron contains ten boxes, it may be used as 
»scale-of-ten», so that every tenth pulse applied to the input terminal, 
produces an output pulse, which may be tapped for example from 
the anode or from a spade. 

In order to make the tube independent of the shape and length 
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of the input pulses, the circuit must be made a little more complicated, 
as is discussed in LINDBERG’s paper. 

If all.the plates are brought down to a constant low voltage, the 
beam will circulate in the trochotron by itself, and give a continuous 
series of pulses. The spacing between adjacent pulses can be adjusted 
in an arbitrary way, for example by connecting condensers across 
the spade resistors R. Even if the terminal A is put at a high voltage, 
the device may be self-switching, if large resistances are connected 
in series with the plates. The spacing between two consecutive pul- 
ses may be changed by changing the voltage of the corresponding 
plate, and as shown in LInDBERG’s paper, this offers the possibility of 
using a trochotron as a time-pulse modulator. 

The same tube may be used as a switch, also in the following way. 
All the plates and spades are connected to the successively rising 
steps of a voltage divider. The beam goes to the electrode, which 
has the voltage characterizing the beam. If this is altered by changing 
the voltage of the electron gun, the beam is switched over from one 
electrode to another. 

These examples have been given in order to show some of the pos- 
sibilities of using the trochoidal beams. Investigations in this labora- 
tory have revealed many other applications, some of which are 
described in the cited papers. The field seems to be rich, and 
probably many other applications are possible. 


6. On Electrons in a Magnetic Field 


When studying the properties of the trochotrons a remarkable 
phenomenon has been found. As soon as the current in the tube 
exceeds a certain limit (of the order of 1 mA), current starts to 
electrodes, which are negative in relation to the cathode. 

The phenomenon can be studied in trochotrons of the type discribed 
in § 5, but also on much simpler devices, for example in the case 
when the trochotron consists of a positive and a negative plate, a 
cathode c, and a receiver plate 7, as shown in Fig. 8. In the direction 
of the magnetic field the trochotron is limited by two side plates. If the 
negative plate and the side plates 
are a few volts negative in relation 
si ec to the cathode, the positive plate 

= about 200 volts positive, and the re- 
Fig. 8. — ceiver plate about 100 volts positive, 
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the main current at low emission goes to the receiver plate. When the 
emission goes up to the order of one or a few mA, a large part (in cer- 
tain cases more than 50 %) of the emission goes to the negative plate 
and side plates. The positive plate receives only very little current, 
the rest going to the receiver plate. One might at first be inclined 
to attribute such a phenomenon to oscillations, especially since the 
negative characteristics of a trochotron make it easy to produce 
oscillations. The phenomenon occurs, however, even if there is 
definitely no alternating voltage on the electrodes. Hence it is 
necessary to assume that by some mechanism some of the electrons 
gain sufficient energy to reach the negative electrode. As Astrém 
has shown, the occurence of »negative current», as the phenomenon 
may be called, is always accompanied by a noise, which is more or 
less uniformly distributed over all frequencies, from zero up to above 
the gyro frequency. Hence an electric field of noise character is 
probably produced by electrons moving in the magnetic field. The 
presence of an electric field in the trochotron is of no essential import- 
ance in this connection. If we regard the electrons in a trochotron 
from a co-ordinate system, which moves with the drift velocity, the 
electrons are acted upon by a homogeneous magnetic field only. 

The phenomenon is probably related to a remarkable and unex- 
plained phenomenen observed in magnetrons, viz. that a small 
current flows even above the magnetic field cut-off. More recently 
noise has been noticed in gaseous discharges in the presence of a 
magnetic field. The radio disturbances from the sun and the galaxy, 
known as solar noise and cosmic noise, may be of similar origin. In 
fact, the conditions in a trochotron and in the solar corona are rather 
similar. In the corona there is a magnetic field of the order of 20 
gauss, the electrons having a velocity of about 100 volts (correspon- 
ding to a temperature of 1.000.000 degrees). Even the electronic 
density is of about the same order. 

Hence, the noise and negative current observed in the trochotron, 
are probably very important phenomena, occurring as soon as 
electrons move in a magnetic field. A theory is given by MALMFoRs. 


Electronics Laboratory. 
The Royal Institute of Technology. 
Stockholm. 


DESIGN AND PROPERTIES OF TROCHOTRONS 


BY 


T. WALLMARK 


l. Introduction 


A new electron tube, principally an electronic switch or selector, 
has been developed at the Royal Institute of Technology, Stockholm 
during the last four years.1) As the electrons in the tube, under the 
influence of an electric and a magnetic field, move in trochoidal 
paths, the tube has been given the name of frochotron. From the 
standpoint of electron behaviour inside the tube, it can be compared 
with a plane magnetron, working under non-oscillating conditions. 

The tube to be described was suggested by H. ALFviN during 
his work with computation of the paths of charged particles in electric 
and magnetic fields, originally made for the explanation of certain 
cosmic phenomena (polar lights, magnetic storms etc.). 

ALFVEN found that under certain conditions existing in the space 
around the sun, beams of charged particles could be formed which 
radiated from the sun. The qualities of these beams suggested their 
utilization in some kind of switching or selecting device, where the 
movable part was the beam itself. Computations showed that the 
conditions necessary for the creation of the beam could be reproduced 
on a laboratory scale, and work was started to investigate the possible 
practical applications of such beams. 

Some test tubes were made, measurements on which showed that 
the beams could be formed and shifted adequately, and that the 
voltages and currents were of a reasonable order of magnitude. 

It is the purpose of this paper to present some of the work on the 
development of a number of tube designs utilizing these principles 
for different practical applications. 


1) H. Atrven, H. Romanus: Nature, 160, pp 614—5, Nov. 1947. 
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2. Calculation of the electron path 


A treatment of the theory for computation of the electron paths 
under the conditions found in the tube is given by H. ALFvin.1) 

In many practical cases, enough information about the behaviour 
of the electrons can be obtained in a very simple manner, by solving 
differential equations for the movement of the electrons under the 
somewhat simplified conditions given below. As such calculations 
have been frequently done in the past, especially in connection with 
magnetrons, only the essentials are given here. 

In a constant, homogeneous magnetic field, perpendicular to a 
constant, homogeneous electric field, when the influence of space 
charge is neglected, the following equations for the motion of the 
electron are valid. See fig. 1. 


ax 


where 
E is the electric field strength 


B is the magnetic field density 


Fig. 1. Trochoidal paths. 


') H. Atrvén: On Trochoidal Electronic Beams and their Use in Electronic Tubes. 
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Integration gives 


This represents a trochoid in the 2 — y plane, where A and C are 
constants depending upon the initial conditions. A motion in the 
z-direction, with constant velocity D, is superimposed. 


mE 
eRe represents a prolate trochoid 


and 


mE 
A a represents a curtate trochoid 


As is indicated in Fig. 1, these curves are formed by a point on the 
radius of a rolling wheel. 
If the electron starts from its origin without any initial velocity 
mE 
pe and the curve forms a cycloid. In this case the equa- 
tions can be written 


E mE e 
x= iy i as shee 
mE mE eB 


LS eB? eB 


From these equations, the quantities typical for the electron path 
are directly obtained. Thus, the radius of the rotating motion of 
the electrons is 


Mu 


‘syyed projoAo uo wreis0uION ‘% 
Or (oy) 
. ot FF 
3 g 
or 
54? Or 
: s 
Pe a rn a 
ra 
Oo 
LO 91 + 
ot s 
mC) 
20! Ol 
$ 
s 2! 
ot 
O/ or 
8 at 2 
/ s 
/ 
ol oO 
s 
s 
or 
27! 
or / 
6 
or 
7-7 * s 
z 
Or 
‘ ya F ot 
> SF st 
$ 
s 3 % 
> 
9! 2 
6 
Oo 2A 
T Yur, wy OS nob 
wir 5Lz-x 
7 fa. 
J w 


91 ~9/ or 
s 
s 
Ol 
Ol < = 
or 
- 
i a] 
/ 
20 
cf 
‘e o/ s 
s a 
2 
7 Oo : 
a 
9 s 3 
a i 
> 4 : 
© 3 , 
z © 9 
5 : 
FL, 6 
wy, ! +7 a 
eeu “70 HOA 
P 
a7 


‘eqn, Avi pvosy, oy, “§ “SI 


23 


The average velocity through the tube 


E 
v= 
The rotation frequency 
eB 
— a etc. 


The nomogram of Fig. 2 gives the most frequently used quantities 
as a function of voltage and magnetic field. 


3. Visualization of the beam 


As the tubes involved rather intricate electron optics and the com- 
plicated electric fields presented great difficulties for exact calcula- 
tions, methods were sought for reaching a better understanding of 
the electron paths under different conditions. 

One of the most valuable of these, visualization of the electron 
path by thread rays, will be described in more detail. 

With this method, first given by WEHNELT,") and further developed 
by Bricue,?) some gas is let into the tube (appr. 10~? mm Hg). This 
causes the electrons to excite and ionize the gas molecules along 
their path, which becomes visible as a narrow blue luminous »thread 
ray». 

Fig. 3 shows an experimental tube in which the paths of Fig. 5 
were photographed. To make the photographs of Fig. 5 clearer, the 
electrodes are filled in.with white. The tube structure is similar to 
the trochotron described later. 

The spade-like electrodes s 1, s 2, s 3, s 4, s 5, and s 6 in fig. 4 are 


5, | se | 57] 5) 5s ess 
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nl 


r 
Fig. 4. The thread ray tube. 


1) A. WEHNELT: Z. Phys. Chem. Unterr. 18, 193, 1905. 
2) E. Bricunr: Z. Phys. 64, 168, 1930. 
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called spades, and have the ability, as will later be shown, to »dig up» 
the beam current, which is collected by the plates p1, p 2, p 3, p4 
or p5. The anode a and the cathode c form a simple electron gun, 
which sends the electrons in trochoidal paths, rolling along the rail r. 
The magnetic field is perpendicular to the paper and the electric 
field is maintained between the spades and the rail. The photographs 
are taken with a magnetic field of 50 gauss and a voltage of 150 volts 
on the spades, plates and anode. The rail is at cathode potential. 

In Fig. 5 the electrons follow a trochoid, as can be expected from 
theory. The boundary conditions at the cathode define the. trochoid 
to become curtate. The trochoid follows an equipotential surface 
through the tube. Where the surface passes out through the narrow 
space between two electrodes, the electrons are collected in propor- 
tions determined by the field structure. 

Suppose the voltage of one of the spades. e. g. s 3, is lowered from 
150 volts to zero. In this case the equipotential surface is shifted 
over to pass between s 3 and p 3. Consequently, the beam also shifts, 
enters the box between s 3 and s 4, and is ultimately collected by » 3. 
The currents to different electrodes as a function of spade voltage 
are shown in Fig. 6. When the beam leaves spade 1, spade 3 starts 
to draw current, which, after having reached a maximum at a voltage 
corresponding to the trochoid potential, decreases and shifts over 
to p3. 

The described process can be followed in Fig. 5 a—f. 

Fig. 5 {1 show a case which is important in pulse-stepping. First, 
the voltage on plate p3 is lowered, causing the electrons to go to 
spade s 4. The potential of spade 4 is hereby lowered, causing the 
electrons to pass around and enter the next box, where they are 
collected by p 4. 

-The current diagram, when the voltage of a. plate is lowered, is 
shown in Fig. 7. 

In the photographs shown, the radius of the electron path has 
been kept rather large for the sake of clarity, i. e. the magnetic field 
rather weak. For practical reasons it has been found advantageous 
to diminish the radius, i. e. to run the tube with higher magnetic 
field. In this case the path is more similar to. Fig. 8. 

In the actual tube, the beam is still more homogeneous, since the 
cathode emits over a large area, whereas the photographs show 
emission from a point source. Space charge also tends to smoth 
the beam structure in the actual tube. 
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The photographs show, however, a very close resemblance to the 
calculated paths, and give a good picture of what is happening in the 
tube. 

The description of the tube types developed will be based on the 
straight ten-box trochotron which has the widest application and 
shows most of the fundamental qualities. A detailed description 
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Fig. 5. Photos of electron paths. 
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All other spades and plates at 150 volts. 
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Fig. 6. Current diagram when the spade voltage is varied. 


Ver = Vog = Veg = Vss5 = Veg = 150 volts 
Vp3 = 150 volts. 
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Fig. 7. Current diagram when the plate voltage is varied. 


Ver = V2 = Vea = Vs5 = Veg = 150 volts 
Vs3 = 0 volts. 
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Fig. 8. Electron path with higher magnetic field, 


of the Aerformance of the tube is found in the papers by H. ALFVEN 
and L. LInDBERG.1) 

Originally intended for counting purposes in connection with 
GEIGER-MULLER tubes, the trochotron was developed for the pulse- 
stepping method described by L. LinpDBERG and briefly mentioned 
above. 

To ascertain the most suitable form for the tube and its elements, 
a series of some 50 tubes has been built, on which successive improve- 
ments have been introduced. The results of these experiments may 
be summed up as follows. 


4. Operating conditions 


A trochotron suited as pulse counter is shown in Fig. 9. Normal 
operating conditions are 


electrode voltages... ............ 200 volts 
magnetic field ..............4. 200 gauss 
beam! current)... ews we ek ew oe 1mA 


These figures, however, are largely arbitrary and may be varied 
considerably, up or down, while still giving satisfactory operation, 
provided that certain elementary conditions are fulfilled. (The height 
of the trochoid should not exceed the interelectrode space etc.) With 
the cited figures, it is possible to keep down stray currents to less 
than 0.1 %, provided that the precautions discussed in 6, are taken. 
Only to the spade next to the box which receives the beam, are 
higher currents unavoidable. 

From the point of view of high speed pulse stepping it is desirable 
to increase the current and decrease the interelectrode capacitances. 


1) H. Atrvién: On Trochoidal Electronic Beams and their Use in Electronic Tubes. 
L. LinpBere: Design of Trochotron Circuits. 
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Fig. 9. Ten-box trochotron with permanent magnet. 


The transit time from the cathode to the furthest end of a tube of 
approximatively 5 cm length is below 10~’ sec, whereas the time- 
constant of spade circuits is of the order of microsec. Thus the limit 
of high speed operation is set not by the electron transit time, but by 
the capacitances between electrodes, and from electrodes to ground, 
and by the maximum obtainable current through the tube. . 

The capacitances are largely set by practical considerations, since, 
with the present construction, the main part is due to the rather 
long support wires. Here, an improved construction should reduce 
the capacitances appreciably. 

It has been found that shielding and balancing, by suitable arrange- 
ment of the support wires, may bring down the influence of the 
capacitances. 

The maximum obtainable beam current is set by space charge 
considerations, as described by E. Astrém.1) It has been found 
that when the space charge reaches a critical value, instabilities in 
the beam appear which jeopardize stable operation of the tube. 


5. The size of the electrode system 


During the experiments, an interelectrode distance of 5 mm has 
been used. This means that the entire channel along which the 
trochoid proceeds is 5 mm wide. This is, however, entirely arbitrary, 
as only the relative proportions between trochoid and electrode size 
are of importance. It has also been found that the performance of 


1) E. Asrrou, Experimental Investigation on an Electron Gas in a Magnetic Field. 
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the tube can be well reproduced on another scale (reduced or enlarged) 
provided that the electron path, by suitable choice of voltage and 
magnetic field, is changed on the same scale. 

With everything else kept constant, the maximum current varies 
linearly with the dimensions parallel to the magnetic field. The 
interelectrode capacitances, however, vary in the same proportion, 
only the reduced influence of end effects being gained by making 
the tube wider. This meaning, at the same time, a magnet with 
wider gap, the gain is questionable. Reducing or enlarging the size 
of the tube by simple proportioning should not affect the maximum 
current, according to present theory. 


6. The dimensioning of the boxes 


As the cathode is not a point electron source, but emits over a 
large surface and in different directions, the beam will not be sharply 
defined. The diffuse boundaries of the beam have a tendency to 
cause »leak currents» to electrodes which should not take current. 
The positive spade in a box where the beam terminates is especially 
liable to this effect, and the current versus voltage diagram takes 
the form of Fig. 10. 

This is extremely undesirable, as it may switch down the positive 
spade in a box before a pulse has reached the plate, as a consequence 
of the voltage drop in the spade resistor caused by the leak current. 

These leak currents are, of course, particularly large if the box is 
narrower than the extension of the trochoidal beam itself. Increasing 
the distance between the spades, however, does not eliminate the 
leak current. 

The lower edge of the spades should be given a large curvature, 
in order to avoid strong irregular fields. If this is not done the electric 
field around the edge is far from constant, and strong leak currents 
appear. 

Another source of leak current is collisions between electrons and 
residual gas molecules in the tube. If an electron, by an impact, 
loses some of its energy, its path is transferred to higher equipotential 
surfaces, and thus may be collected by.an electrode at a higher 

voltage than the rest of the beam. 

‘Collisions between electrons should also change the paths in a 
similar manner. Calculations show, however, that the probability 
of such collisions is extremely small. 
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Vg 3 
0 50 100 150 Vout 
Fig. 10. The leak current. 


Ver = Vee = Vea = Vs5 = Vog = 150 volts 
Vy3 = 150 volts 


To avoid field distortion in the furthest box, the rail should be 
lengthened somewhat behind the first spade. This gives similar 
electric field conditions in all boxes. 

It is essential that the depth of the boxes should exceed the distance 
between the spades, so that the beam is not influenced by the poten- 
tial variations of a plate in a box which the beam does not enter. 

The ability of a spade to pass the current completely from one box 
to another, when its voltage is lowered to near zero volts, is of great 
importance in the practical application of the tube. The smooth 
curvature of the lower edge of the spades aids in this respect, as does 
also the introduction of side flaps later described. 


7. Sides 


In order to keep the beam together laterally (in the direction of 
the magnetic field) in some way, a force must be introduced to keep 
the electrons in a stable path in the centre of the tube. This effect 
is produced by the sides of the rail which give electric equipotential 
surfaces, as shown in the cross-section of Fig. 11. Near the 
sides the electric field has two components, one vertical, which gives 
the trochoidal motion, and one horisontal, which returns the electrons 
to the centre of the cross section. For the same reason the spades 
are given side flaps as shown in Fig. 12, which, when the beam enters 
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Fig. 11. Cross-section of the trochotron, equipotential surfaces. 


spode plore anode 


re 


Fig. 12. Perspective sketch of the electrode system. 


a box, constitute a direct continuation of the rail. As mentioned, 
they also increase the ability of the spade to affect the switch-over 
of the beam, i. e. to influence the electric field between the spade and 
the rail. 


8. Insulation 


If the interstices between the electrodes are left open, some parts 
of the electrons leak out and are collected by support wires outside 
the electrode system, causing irregular leak currents. In order to 
avoid this, all interstices are covered by mica, and care is taken to 
keep the space between mica and metal small enough on all critical 
points. 

Such a point has been found to be the upper edge of the spade, 
and in order to further reduce the probability of leak currents here, 
part of the plate is bent down, thus preventing the main part of the 
electrons from reaching the interstice. 

As the potential of the mica is not stable, it is desirable to keep the 
parts of the mica exposed to the electron beam as small as possible. 
If this is not done, instablilities in beam current and current distribu- 
tion may appear. 
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9. The electron source 


The anode has been given the form indi- 
cated in Fig. 13, and is made so long that 
the field from the other electrodes does not 
reach the cathode and there influence the 
emission. The function of the anode is to 
control the emission, but only on exception 
to collect electrons. 

The form and location of the cathode is the 
main factor determining the structure of the 
beam. A cathode located near the rail gives 
nearly cycloidal electron paths, whereas the 
paths from an elevated cathode, on account of 
the field concentration, are more like a curtate 
trochoid. A prolate trochoid is obtained if 
the field near the cathode has a strong com- 
ponent in the direction of the beam. This 
is the case when the rear end of the rail — 
is bent up towards the anode, in the vicinity of the cathode. 

A curtate trochoid is the most desired path form, other paths 
having a tendency to distort the spade characteristics as will be 
described later. 

This bending up, however, cannot be done too near the cathode, 
although it is desirable to shield the cathode from the influence of 
stray fields from the glass or support rods. 

In many cases it is necessary to keep the emission constant within 
certain limits (e. g. + 25 %) in spite of variations in line voltage, 
cathode temperature etc., in order that the tube shall function satis- 
factorily. This is achieved by a form of grid control. The grid 
action is performed by a grounded trough, in which the cathode is 
mounted. The cathode is connected to the ground via a bias resistor, 
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Fig. 13. The anode- 
cathode arrangement. 


Fig. 14. The cathode trough for stabilizing the beam current. 
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and the voltage drop in this resistor, due to the emission current, 
stabilizes the emission quite effectively. 


The insertion of this trough around the cathode also has the result 
that the emission from the edges and rear side of the cathode is 
prohibited, which means a better defined beam and elimination of a 
great deal of the leak current. 


The magnetic field of the heater current, and the heater voltage 
of directly heated cathodes, gives the electrons a deflection towards 
the positive end of the cathode. Thus, the electrons have a winding 
path through the tube. . In some cases this is not desirable. An 
indirectly heated cathode with little magnetic action is to be preferred. 


10. Deformation of the spade characteristics 


For the described application of the trochotron it is desirable that 
the spade characteristic has a rather high peak and does not show 
any irregularities. As is shown by experiments, the electron path 
should then be a curtate trochoid. In the case of a cycloid or a 
prolate trochoid, disturbances of the spade characteristic appear, 
due to the following electron-optical considerations. 


When the beam is in the stable position in a box, and the voltage 
of the spade close by is lowered in order to pass the beam to the next 
box, it may happen that the field below the spade takes such a form 
for certain electron paths that the electrons hit the spade only 
within a very limited voltage range. Especially in the case of a pro- 
late trochoid the electron ray may be reflected in the vicinity of the 
spade, and to a large extent, miss it. This causes the current to the 
spade to decrease below normal, and the spade characteristic becomes 
distorted. Simultaneously, corresponding distortions appear in the 
current curves of the adjacent plates. As an experimental investiga- 
tion has shown, the more prolate the path, the more pronounced is 
this effect. 

The curves may be distorted in a similar manner by secondary 
emission from the spade. This may, however, be reduced by suffi- 
cient cleaning of the surfaces, and the choice of a suitable material. 

In order to indicate the box in which the beam terminates it is 
possible to connect small glow lamps in series with the plates. As 
this is sometimes inconvenient with regard to small dimensions and 
low cost, it has been found practical to paint the plates with flouores- 
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Fig. 15. Coordinate tube. 


cent powder. When looking at them through small perforations in 
the rail it is possible to see how the beam moves. Due to the dark 
interior of the tube, this is practicable even in daylight, and at com- 
paratively low voltages. 


1l. The coordinate tube 


The special features of the trochoidal beams make possible the 
design of a tube where the beam can be directed along two coordi- 
nates. Fig. 15 shows the principles of construction. The tube con- 
tains a number of rows, in this case three, each consisting of five 
boxes. The beam can be switched to any of the plates, e. g. 14, by 
giving zero potential to the appropriate spades, in this case I and 4. 
In a manner similar to the usual trochotron the beam can be switched 
by pulses if desired, although here it is necessary to lock the beam 
by supplying parts of the beam current to both one of the vertical 
and one of the horizontal spades. Only practical considerations as 
to the number of leads through the glass envelope have prevented 
the building of still larger tubes. : 


12. By-spade 


Another form of the tube which offers new application possibilities 
uses a second spade in each box, called a by-spade.. The design in 
Fig. 16 describes the principle. The by-spades are long enough to 
dominate the electric field inside a box, but short enough to have 
a negligible influence on the beam outside the box, especially as 
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Fig. 16. By-spade arrangement. 


they are not equipped with lower end radii or side-flaps. Thus a 
box can be closed to the beam independent of the voltage of the 
plate, with the by-spade collecting all electrons when given a suitable 
low voltage. In the same manner the box can be opened by giving 
the by-spade a high enough voltage, e. g. the same as the near spade. 
In this case, all electrons reach the plate as though the by-spade did 
not exist. 


_ By giving the by-spades suitable form it is possible to change their 
characteristics with regard to cut-off, current collection a. s. o. 

One of the applications of this form of the tube is described by 
LINDBERG. 


13. Construction of the tubes 


During the development work, all tubes were made on a laboratory 
scale, entirely manually, and without any attempt to adapt the design 
to industrial methods. In the adaption of the tube for large scale 
production, changes of the exterior may be advantageous. 


Magnetic material has been avoided in the manufacture of the 
electrodes, which have been made of molybdenum. The support 
wires outside the electrode system have, however, for practical 
reasons, been made of nickel without any noticeable difficulty. The 
problem of getting the requisite number of leads through the glass 
for the many electrodes has hitherto been solved by ring seal stems. 
As this makes the leads inconveniently long, from a high frequency 
point of view, other constructions should be sought. 

Tolerances, a factor of paramount importance in all electron tube 
manufacturing, seem to be considerably less critical than in ordinary 
tubes. 

The magnetic field may most conveniently be supplied by a small 
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permanent magnet. The tube makes no rigorous demands on homo- 
geneity and uniformity of the magnetic field which allows the use 
of a very small magnet. 


The author wishes to acknowledge his debts to Prof. H. ALFVEN 
for his inspiring leadership of our research group, and to all colla- 
borators whose cooperation has made possible the successful comple- 


tion of the work. 
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Stockholm. 


DESIGN OF TROCHOTRON CIRCUITS 


A SUMMARY BY 


L. LINDBERG 


Principal circuits 


1. The basic plate-pulsed circuit 


ALFVEN, in his paper,') describes how the trochoidal beam can be 
locked to a box by high spade-resistances, and stepped by negative 
voltage pulses applied to the plates, in a circuit similar to Fig. 1. 
This principle is further developed here. The circuit cited needs 
very well-defined pulses, with a duration just equal to the time for 
a switch-over, for if a pulse remains after having displaced the beam 
one step, the plate in the new box will also be at a low voltage, enab- 
ling the beam to continue one or more steps until the pulse vanishes. 
The circuit is also critical to the other operating data, since these 
influence the time required for one switch-over. Consequently, it is 
critical and unreliable to operate. To avoid these difficulties, the 
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Fig. 1. The basic, plate-pulsed, stepping circuit. 


1) See H. Atrvén, On Trochoidal Electronic Beams and their Use in Electronic 
Tubes (Trochotrons.) 
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Fig. 2. R-C-coupled, plate-pulsed, stepping circuit. 


voltage of the next plate, at every switching position, must be 
prevented from passing below a critical value, the »stepping voltage». 
This is achieved by the following two methods. 


Fig. 3 Mi 


time 


Fig. 4 Ver 


Fig. 5 Ye 
Locking 
Position, box: Ff 2 ) 4 


Fig. 3. Plate supply voltage, pulsed. Fig. 4. Voltage of plate 1. Fig. 5. Vol- 
tage of plate 2. 
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2. R-C-coupled plate-pulsed circuit 

The method, first employed by HampBrarus, by which to make 
a stable counter, was to insert a R-C-circuit in series with each plate, 
as shown in Fig. 2, and to feed them all with negative exciting pulses, 
Fig. 3. Supposing the beam first locked to box 1, the plate current 
will cause a voltage drop in its plate-resistance, which, however, is 
insufficient to shift the beam to box 2. When a pulse arrives, it 
brings down the plate voltage below the stepping value, Vst, (See 
Fig. 4). The voltage of spade 2 suddenly drops, and shifts the beam 
‘to box 2. Here, due to the plate capacitance, the plate voltage 
cannot immediately drop below the stepping value, even if the pulse 
remains for a moment, as shown by Fig. 5. In this way, a broad 
margin for the pulse duration, as well as for the operating data may 
be achieved. 


3. Push-pull coupled plates 

By this method, first suggested by BsOrnkKmaN, the plates are 
connected into two groups, odds and evens, and fed in push-pull 
from the anodes of a common »scale of two», which, in its turn, is 
operated by the pulses, according to Fig. 6. Then the beam can 
remain stable in a box where the plate is positive, but when the 
trigger shifts the plate voltages, it will step to the next box, and, 
as that plate simultaneously has become positive, it will remain there. 
Thus a very reliable circuit is acquired. 

The plate voltages do not necessarily need to rise and fall very 
steeply. A sine-wave for instance, may also step the beam. The 
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Fig. 6. Push-pull-coupled, stepping circuit. 
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Fig. 7. Plate voltages. 


only necessary condition is, that the two groups of plates should never 
be below the stepping voltage simultaneously, as indicated by Fig. 7. 
The points, where stepping occurs, are marked with circles. 


Pulse technique 


4. General remarks 


After this survey of the general principles, we are now going to 
discuss the processes quantitatively with the aid of suitable tube 
characteristics, in order to find out the most suitable operating 
conditions. 

In the following, we will denote all voltages with respect to the 
rail as zero, partly because these voltages determine the field 
structure within the tube and thus give a clear understanding of 
the tube functioning, but also because the cathode voltage, in some 
applications, is varied, in order to shift the beam position. In the 
pulse-stepping circuits, a cathode resistance is usually employed to 
stabilize the emission, so that the cathode is self-biased, and takes 
a positive voltage. 

The electron beam in a trochotron degenerates while travelling 
through the tube. As is pointed out in the papers by Asrrém and 
WALLMARK,!) the degeneration manifests itself in three ways: noise, 
widening of the beam and currents to electrodes negative with respect 
to the cathode. These effects all seem to vary with the operating 
conditions in the same way. 

In practical use for pulse-stepping it is essentially the widening of 
the beam that becomes disturbing, since it causes leak currents to 


1) T: WatimarK. Design and Properties of Trochotrons. E. Astrom: Experimental 
Investigation on an Electron Gas in a Magnetic Field. 
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positive spades, and broadens the characteristics of the spades farthest 
from the cathode. The rail current becomes important only if it 
considerably reduces the beam current, and the noise, as such, 
becomes very important in applications to telephony. 

In order to hold the disturbing currents in relation to the total 
beam current within a safe value, when choosing the operating con- 
ditions for a given trochotron, we have to keep the exponent 


y2-75 
above a certain value. (cf. E. Astrom, loc. cit.). 
Here, 
V, = voltage of anode and spades. 
I, = total beam current. 
B = magnetic field strength. 
LI = length of the beam path. 


Va 
Further, the height of the beam, which is proportional to Be 


must be safely within the tube space. Thus, if V, is already chosen, 
B must be chosen as a compromise between these two claims, and 
if we change V,, we should change B proportional to V1. Then 
the allowable current varies proportional to V3", (if we do not 
change B, it varies as VP): As becomes evident later, the ratio 


as the »conductivity» of the trochotron, is a figure of merit. As 
a 
this is proportional to V1, rather high supply voltages are favour- 
able, especially for fast operation. 

Numerical examples of voltages, currents and times are to be 
found in the chapter on applications and are only intended to show 
their order of magnitude in the trochotrons hitherto used. 


Study of the Stepping Process 


5. The locking of the beam 
’ We suppose the beam locked to an arbitrary spade, sy in Fig. 8. 
Fig. 9 shows the current-versus-voltage-diagram of that spade, when 
all other spades and plate py are at the positive supply voltage. 
(The voltages of the other plates are of no importance.) The spade 
resistance line intersects the spade characteristic at three points, 
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A, B, C, of which A and C are stable. In the locking position at C, 
the spade has the »locking voltage» V; and takes the »locking current» 
I;, The rest of the beam, J,—J,;, goes to plate N. From this 
characteristic a lower limit for the spade resistance is established, 
corresponding to the line, tangential at D. Fig. 10 shows the cha- 
racteristic of spade N-+-1 when spade WN is at V, and plate N po- 
sitive. (If spade N were fully positive, it should be a copy of Fig. 9, 
but now it is broader.) 


Fig. 9. Current distribution when the voltage of a spade is varied, while all other 
spades and plates are at positive supply voltage. 


Vs n-1 = Vs N41 =-ce- Vsi0 = Va = 200 volts Von = 200 volts. 
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Fig. 10. Current distribution when the voltage of a spade is varied, while the 
previous spade is lowered to the locking voltage. 


Vsn = Vz 
Vs vig =--+-Vs10 = Va = 200 volts 


Von = Vy N41 = 200 volts. 


We wish spade N+1 to have the voltage of point A in Fig. 10. 
Due to leak current, as described by WatitMarRK, the characteristic 
in Fig. 10 does not quite fall to zero at positive voltages. If we 
increase the spade resistances, the points A and B will approach 
each other and will finally coincide at A’ B’. Then the upper limit 
to the spade resistance is obtained. 

In the following, we assume rather large spade resistances, about 
2—10 times the lower limit value. 


6. Switch over 


We shall now discuss the shifting of the beam. For the sake of 
simplicity we shall first discuss the push-pull-coupled circuit and 
assume the plate voltages to have ideal rectangular wave forms. 
The capacitances of a spade to other electrodes will be represented 
only as a capacitance to earth, C'sz (a few uwuF) shown dotted in 
Fig. 8. 

When we lower the voltage of plate N, the right part of the 
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Fig. 11. Characteristic of a spade for various voltages of the previous plate, when 


the previous spade is at locking voltage 


Ve n42=.----Vs10 = Va = 200 volts. 


characteristic of spade N+1 in Fig. 10 is raised, as shown in Fig. 11. 
The stepping voltage is just that, for which A and B coincide and 
vanish, leaving only one stable point at C. 

At first we assume the plate voltage to be brought down to, or 
brought slightly below, the cathode voltage, as in Fig. 13a. The 
operating point is displaced from A to A’ at the highest characteristic 
of Fig. 11, as in Fig. 12 a, that is, the whole current to plate N hits 
spade NV-+1 and begins to charge its capacitance to earth, causing 
the spade voltage to fall rapidly until the stable equilibrium at C 
is reached. Fig. 14 a shows the current to spade N+1 and Fig. 15a 
its voltage as functions of time. Corresponding to Fig. 12a the 
current, at first, is large and constant, equal to J,;—I, causing the 


I;—I 
voltage to fall almost linearly, initially with the slope = The 
SE 
current to’ spade N does not cease before spade N+ 1 has reached 
a fairly low voltage. Then the voltage of spade N rises exponentially 
to the supply voltage, as shown also in Fig. 15a. When the input 
plate-voltages are shifted the next time, the beam strikes spade N+ 2 


and its voltage will drop in the same manner as described above. 
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Fig. 12. Motion of the operating point during a switch-over. Fig. 13. Plate input 
voltage oscillogram. Fig. 14. Spade current oscillogram. Fig. 15. Spade voltage 
oscillogram. 


Verst Vener 


Fig. 16. Characteristics of a spade when the previous plate is at cathode voltage, 
for various voltages of the previous spade 


V,w—1 = Vs ny2=.-.-- Vs10 Va 200 volts. 


The right figures 12 b—15b show the conditions if the plate- 
voltage-swing is less, that is, to say when the plate is only brought 
somewhat below the stepping value. The initial current to spade 
N-+1 is then small, and its voltage will drop more slowly. In Fig. 12 
the dots are intended as time markers, and in Fig. 14 the shadowed 
areas represent the charge of the spade-to-earth-capacitance, these 
areas being the same in both cases. Consequently, to make the 
switch-overs as fast as possible, the plate-voltage-swing should be 
extended down to, or slightly below the cathode voltage. 

In the case a) above, the voltage of a spade drops more quickly than 
it rises, and this difference grows more predominant the larger the 
spade-resistances which are chosen. Thus the voltage of spade NV 
may be considered constant at the low locking value, during the 
time, which spade N+1 needs to drop. This justifies the use of 
fig. 11 for studying the stepping process. (These characteristics are 
derived when spade WN is at locking voltage Vz.) 

In the case b) and also in a), if the spade-resistances are small, 
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Fig. 17. Characteristics of a spade for various voltages of the following spade 


V, n-1 = Vs n+2 raak Vs 10 Va 200 volts. 


the voltage of spade N may rise more rapidly than that of spade 
N-+1 drops. As the capability of plate N to direct the beam against 
spade N+1 depends upon the voltage of spade N, the rise of the 
latter cannot be ignored. This being so, the discussion above, founded 
on the characteristics of Fig. 11, is at fault. As we shall find, this 
will give another, and more restrictive, lower limit to the spade- 
resistances, than that corresponding to the tangent on the top of 
the spade-characteristic. To get an idea of this value, we use a set 
of characteristics of spade N+1 for various voltages of spade JN, 
Fig. 16, and a similar set of curves for spade N at various voltages 
of spade V+1, Fig. 17, both sets referring to the actual low voltage 
on plate N. To obtain the most unfavourable conditions, we suppose 
the earth capacitance of spade V+ 1 very enlarged, to make its voltage 
dropping-time very long compared to the time-constant of spade N. 
A certain voltage V,,;,, of spade N-+1, makes the characteristic of 
spade N tangential to the resistance line in Fig. 17. When this 
point is passed, the voltage of spade N suddenly rises to the supply 
value. The characteristic of spade N-+1 then becomes shifted, the 
operating point in Fig. 16 is displaced downwards to the lowest 
4 


50 


characteristic, and depending upon whether this takes place at a 
lower or higher voltage than that corresponding to B, spade N+1 
either continues to decrease its voltage, or returns to the supply 
value. In the latter case the beam becomes diverted out of the 
box, and goes to the farthest end of the tube. 

In this way the lower limit of the spade resistances is established. 
A figure of this value, however, is more easily found by an experiment 
with a large capacitive load on a spade, than by deriving the charac- 
teristics mentioned. Such an experiment with normal operating data 
shows that spade-resistances higher than twice the minimum locking- 
value usually secure right operation in this respect. 

Small spade-resistances are also unfavourable since they reduce the 
plate current, partly because the spade takes more current itself 
and partly because the locking voltage is higher so that the spade 
cannot catch the whole beam but allows its lower part to pass to 
the farthest box. This fraction of the beam is also found in Fig. 9, 
showing that the current to spade 1 is not cut off before the spade NV 
is at a very low voltage. 


7. R-C-coupled plate-pulsed circuit 


We are now ready to study the stepping process in a trochotron 
provided with R-C-circuits to the plates. The purpose and action 
of these have already been discussed in connection with Fig. 2—5. 
Suitable operating conditions can now be derived with the aid of 
Fig. 18, which shows the voltage of a plate before, when, and after 
the beam goes to that box. As mentioned by WaLLMaRK, the plate 
current is nearly independent of the plate voltage as long this is 
above the stepping value. Consequently, when the beam is locked 
to a box, the plate takes the excess current, and the voltage across 
the R-C-circuit both decreases and increases exponentially, with the 
time constant R,C, as shown in Fig. 18. 

Confining ourselves at first to low and moderate pulse frequencies, 
we assume the exciting pulses rectangular, and of sufficient duration 
in relation to the switch-over time required by a spade, but short 
in relation to the time constant of a plate circuit. Then we choose 
the pulse amplitude V; as being at least equal to the difference 
between the stepping voltage and the cathode voltage. (This is 
favourable, as appears later.) The plate supply voltage must then 
be sufficiently high, to prevent the plate voltage from reaching the 
stepping value, except when the beam has remained a sufficient 
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Fig. 18. The voltage of a plate in the R-C coupled-plate-pulsed circuit of fig. 2. 


time in the box. The plate resistance is then so chosen, that the 
voltage across it, developed by the plate current, lowers its voltage 
almost to the stepping value. Finally, the plate capacitance is chosen, 
to acquire a suitable time constant. This will limit both the maximum 
pulse width and the maximum stepping frequency, as described 
below. 

Considering variations in operating data, it appears from Fig. 18 
that the plate supply voltage for instance may be varied within a 
range approximately equal, either to the pulse amplitude V; or to 
the voltage drop R,/,, depending on which of these is the smallest. 
These limits are shown in Fig. 19 (first obtained by Hambraeus), 
in which the possible combinations of plate supply voltage V,, and 
pulse amplitude V; are plotted, while all other conditions remain 
unchanged. However, if the circuit is to operate for small pulse 
amplitude, differences in the stepping voltage value among the 
boxes becomes important, as well as variations in the voltage drop 
R,I, caused by variations in the emission. To keep the latter in- 
fluence small, the plate resistances should never be chosen larger 
than necessary. 

The maximum pulse width and minimum pulse interval (when the 
pulses are short) are both equal to 7 in Fig. 18, since the plate voltage 
will reach the stepping value if a pulse exists at that moment. In 
fig. 19 this effect reduces the area representing right operation. 

The minimum pulse width is given by the fact that the next spade 
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Fig. 19. Possible combinations of plate-supply voltage, Vg and pulse amplitude, Vj. 


must have reached a lower voltage than that corresponding to B in 
Fig. 11 before the pulse vanishes. As pointed out in the preceding 
chapter, the pulse should decrease the plate voltage below the cathode 
voltage in order to keep this time as short as possible. 

Consequently, a high pulse amplitude is very favourable, both for 
fast and also for reliable operation. When we try to reach higher 
operating frequencies by reducing the plate-capacitances, we finally 
reach a point where the plate time-constants are of the same order 
as that of the spades, and then they grow ineffective. Consequently, 
we cannot reach such a high stepping frequency with this circuit as 
with the push-pull arrangement. 


8. Self-stepping 

In the circuit with R-C-coupled plates just described (Fig. 2), if 
we enlarge the plate resistances or reduce their supply voltage, so 
that the plate voltages can drop below the stepping value without 
pulses, the circuit becomes self-stepping. The beam will remain in 
each box for the time required by the plate to reach the stepping 
voltage. This time depends, amongst other things, upon the plate 
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supply voltage, which offers a simple method of obtaining pulse- 
time modulation. This will be described more fully later. (See 16.) 

If the plate supply voltages are chosen below the stepping value, 
the plate R-C-circuits can be omitted. The beam will then step 
very fast, and at plate voltages below the cathode voltage it will only 
jump on the spades, resting on each one for only some microsecond. 


9. Other pulse-stepping methods 


In the applications it is often desirable to free the plates from the 
exciting pulses. As pointed out by WaLLMaRK, pulses could be fed 
to other electrodes, to this purpose, e. g. negative pulses to the spades 
or rail, or positive pulses to the cathode, all acting by displacing 
the whole beam upwards, or positive pulses to the grid or anode, 
acting by widening the beam. In either case the fact that the leak- 
current is always greatest to the next box should also be made use 
of. Investigations of these methods, however, have given no useful 
results, since they suffer from the same drawback as the basic plate- 
pulsed circuit described in 1. Some inherent mechanism to prevent 
stepping twice for one pulse must always be provided. 

The by-spade trochotron, described by WALLMARK, however, seems 
to offer a solution. The by-spades can be connected into two groups 
(preferably within the tube) and fed in push-pull, acting in the same 
manner as the plates in (3). In such a tube, self-stepping can also 
be completely eliminated if the by-spade is given a suitable shape 
and location to take over the plate current when the plate voltage 
drops to a low value. 


10. Re-setting of the beam 


The simplest method to re-set the beam is to cut off the emission 
for a moment, as for instance, by a negative pulse on the anode or 
the grid. 

In many applications, especially for counting purposes, it is desir- 
able to make the beam self-restoring. Two methods of obtaining 
this are discussed below. 


11. Re-set by high anode-resistance 

The principle of restoring the beam by employing a high anode- 
resistance has already been described by ALFVEN. 

We shall now discuss the process more in detail with the aid of 
suitable characteristics. Referring to Fig. 20 we begin by assuming 
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Fig. 20. 


the beam locked to spade 10, with the current divided between it 
and plate 10, which is positive. To start the re-setting process we 
shift plate 10 to cathode voltage. The major part of the beam then 
turns to the anode according to Fig. 21, which shows the current 
distribution to the anode, spade 10 and spade 1, as a function of 
the voltage of spade 10, when plate 10 is at cathode voltage and 
the anode at full positive supply voltage. The current to the anode 
causes its voltage to drop, which diminishes the characteristics of 
Fig. 21, until finally the spade characteristic becomes tangential to 
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Fig. 21. Current distribution as function of the voltage of spade 10. The anode 
at full supply voltage. 
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Fig. 22. Current distribution as function of the voltage of spade 10. The anode 
voltage reduced. 


the resistance line of spade 10, as in Fig. 22, which corresponds to 
a certain, lower, anode voltage. After this critical stage is reached, 
spade 10 is able to raise its voltage, re-setting the beam to the 
farthest end of the tube. The anode resistance necessary, is de- 
termined by the anode voltage drop corresponding to Fig. 22, and 
the current to the anode corresponding to the tangential point. This 
will usually give a value considerably greater than a spade resistance. 
This however, is not sufficient, since the time constant of the anode 
must be great enough to keep its voltage low whilst that of spade 10 
rises. This condition is usually furnished by the tube capacitances 
themselves, unless the spades are loaded by external capacitances. 
No upper limit to the anode time-constant is established by the 
re-set process itself, but to make the re-set rapid it should not be 
chosen too much greater than necessary. 


12. The re-set time 


Due to the great time-constant of the anode-circuit, a re-set takes 
considerably more time than a normal switch-over. The re-set gives 
unfavourable subsequent effects, because the beam current after 
returning to the farthest end of the tube, is greatly reduced and only 
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Fig. 23—30. A re-set process. 


23. Voltage of plate 10. 24. Voltage of spade 10. 25. Voltage of anode. 26. 


Anode current. 


27. Total beam current. 28. Spade currents. 
30. Spade voltages. 


29. Plate currents. 
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Fig. 31. Anode characteristics when spade 10 is at locking-voltage. 


gradually recovers its normal value, due to the slow rise of the anode 
voltage. Thus, if the circuit is pulsed to step at a fast rate, this 
rate will be essentially limited by the great switch-over-times required 
by the first boxes. Fig. 23—30 are intended to illustrate the oscillo- 
grams of voltages and currents in a circuit operated near the upper 
frequency limit. When the plates are excited in push-pull, the fall 
time of the first spade must be within one pulse interval, but if the 
plates are supplied with R-C-circuits, the plate currents must also 
be utilized, and might not be too different in the first boxes, thus 
establishing an upper frequency limit essentially lower than for the 
push-pull circuit. The frequency limit however, can be a little 
extended if the first spade is permanently kept at cathode voltage. 
Then the second spade limits the pulse interval, or the minimum 
pulse width, respectively. 

We have hitherto assumed the voltage of plate 10 as being brought 
down as far as, or even below, the cathode voltage. If this is not 
the case, the conditions becomes more unfavourable, the anode 
resistance must be further enlarged, and can, as pointed out by 
Astro, be obtained from Fig. 31, the anode characteristics, when 
spade 10 is at the critical voltage, corresponding to the tangential 
point of Fig. 22, and for various voltages of plate 10. Consequently, 
it is very essential to drive plate 10 to a low voltage in order to 
secure reliable operation. 


13. Re-setting by a special electrode 


To overcome the disadvantages of the method just described, 
BJORKMAN has suggested a special electrode to divert the beam from 


58 


anode 


wn ia B) 
re-set 
electrode 


Fig. 32 Fig. 33 Fig. 34 
Fig. 32—34. Re-setting by a special electrode. 


spade 10. This arrangement is shown by Fig. 32. The extra electrode 
is connected to plate 9 and its voltage shifted between a positive 
value, and zero. Thus, the beam travels alternately above and 
below this electrode, but this is of no importance except when it goes 
to box 10. .We begin by assuming the beam locked to spade 9, as 
in Fig. 32. When plate 9 and the re-set-electrode shifts down, it 
becomes locked to spade 10 instead, see fig. 33. Finally, when the 
re-set electrode is raised in ‘voltage, the beam passes below it to 
the far end of the tube, screened from the voltage of spade 10, as 
shown by Fig. 34. 


Applications 


14. A pulse counter 


A scale, specially intended for the counting of Geiger-Miiller-pulses 
has been constructed, with a ten-box trochotron as the counting 
element. The push-pull-drift is utilized, as shown by the wiring dia- 
gram in fig. 35. The pulses to be counted are fed via an amplifier 
tube with limiting and pulse-standardizing action, to a conventional 
»scale of two», from which the anodes are connected to the plate- 
groups of the trochotron. Thus every input pulse displaces the 
trochoidal beam one box. At every tenth pulse, when the beam is 
re-set, a negative pulse from the first spade goes to a mechanical 
counter via a trigger. 

The beam position in the trochotron is indicated by small glow- 
lamps connected to the spades. 
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The operating data of the trochotron are here: 


Magnetic field strength. ................-.. 240 gauss 
Anode, spade and plate supply voltage ......... 200 volts 
Cathode voltage, developed in the cathode resistor, about 30 volts 
Beam current (emission) .............-....-. 0.8 mA 
Tolerances in supply voltages (all varied simultaneously) 

betters thany eh i2iscc ee ee Be eS +20 % 


The tolerances on spade resistors are very great (more than +20 %) 


The trochotron in this unit is able to count slightly more than 
100 000 pulses per second, i. e. the resolving time is better than 10 
microseconds. As the mechanical counter is very much slower, the 
unit could with advantage be supplied with another trochotron, 
counting every tenth pulse, and giving every hundredth to the 
mechanical counter. 


In order to set the counter at zero before use, not only the 
trochotron but also the »scale-of-two» must be restored. This is 
achieved by a switch, which breaks both the anode supply voltage 
to the trochotron, and one grid resistor connection to the double 
triode, as seen from fig. 35. 


15. <A chronoscope 


A short-time measuring equipment, utilizing ten-box trochotrons as 
frequency dividers, has been designed by Lunpquist and Astro. 
The principle is shown in the block-diagram of fig. 36. From an 
oscillator of high frequency accuracy, pulses are taken out through 
a gate, during the time interval to be measured, and are counted 
by the trochotrons. The first trochotron is stepped directly by the 
pulses from the gate, and from it every tenth pulse continues to the 
next trochotron and so on until the frequency is low enough to 
operate a mechanical counter. After a measurement is taken, the 
positions of the trochotron beams will show tenthousandths, thous- 
andths, and hundredths of seconds, while the mechanical counter 
shows tenths, units, tens, etc. Thus the time is given in seconds 
and decimals of seconds, with an accuracy determined only by the 
oscillator. 


For interchangability, all the dividers are designed with the same 
wiring diagram, fig. 37, the plate-pulsed method being employed. 
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Fig. 36. Block-diagram of a chronoscope. A: Input of pulse to be measured. 


The glow-lamps indicating the beam positions are here connected to 
the plates parallell to the R-C-circuits. The action of these is thus 
a little affected. The voltage across one of them, when the beam 
goes to the plate, is constant, equal to the operating voltage of the 
glow-lamp, V,. The plate resistance is designed to carry the surplus 
plate current and also serves to discharge the plate capacitance. 
The oscillogram of the plate voltage is shown by fig. 38. As all the 
stages have equal plate circuits, they must be fed with equal pulses 
derived from the standard pulse generator. To this purpose every 
stage is equipped with a pulse-input gate which is opened by a posi- 
tive pulse from the previous stage every time this is re-set. 

Before a measurement is taken, all units should be set at zero. 
This is performed by switching down the anode supply-voltages of 
the trochotrons for a moment. 


Investigation of a complete stage showed that the operating data 
could be varied within the following limits: 


Anode supply voltage..-.............. 175—210 volts 
Spade » Me TSR tench Septtoe ging seman cece es 150—200 » 
Plate » Nee ratte amy mara nui hoenee 175—225 » 
Pulse amplitude ............---00045 75—100 » 
HIMMISSION! (a Fava k Ap ee em ae ep ee eS 0.65— 1.0mA 
All voltages simultaneously. ............. +15 % 


The magnetic field was then kept constant at 240 gauss, the pulse 
width 10 ws and frequency 10000 pulses p/s. It could, however, 
operate until 30 000 pulses p/s. 
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The chronoscope could also be pro- % 
vided with stages measuring tens of 
microseconds and probably also units, ee 


but in this case the push-pull-coupled Kglow 
driving method should be employed. 
Yor 
Pulse-time-modulation by 7 z 
trochotrons Fig. 38. Voltage-oscillogram of a 
The trochotron is well suited to plate in the chronoscope. 


multi-channel telephony systems, 

working with pulse-time-modulation. Some circuits will be described 
in which the trochotron acts both as a cyclic switch and modulator, 
respectively de-modulator. The results here presented are a summary 
of investigations by L. Liypsrra, 8S. Warrine and E. Astron. 


16. Cuircuits based on stepping trochotrons 


In the chapter on pulse-technique it is described how the beam 
becomes self-stepping when the plate supply voltage is low. See (8). 
This gives a method of easy achieving time-modulation, since the 
beam will remain in a box for a time which is almost a linear function 
of the plate supply voltage in that box. Every time the beam steps, 
a sharp voltage pulse may be taken from the next spade to be 
amplified and transmitted. On the receiver side, these pulses are 
used to make a trochotron stepping synchronised with the trans- 
mitting one. The plates in that trochotron thus receive width- 
modulated charge-pulses which are easily de-modulated by inte- 
grating circuits. 


17. Modulator circuit 


A basic modulator circuit is shown in fig. 39. For the sake of 
simplicity, only three channels are shown. The odd plates, utilized 
for modulation are furnished with high-resistive R-C-circuits. The 
even boxes serve as resting places for the beam. 

Suppose the beam has just arrived at box 1, at zero time. The 
plate voltage there, initially equal to the supply value, begins to 
drop according to fig. 40, until the stepping voltage is reached at 
the time ¢,. At this point the voltage of spade 2 suddenly drops 
and switches the beam over to box 2. If the supply voltage of plate 1 
is increased or decreased, due to modulation, the time ¢, becomes 
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Fig. 39. Stepping modulator circuit for pulse-time-modulation. 


modulated as is also shown in fig. 40. When the voltage of spade 2 
drops, a sharp negative voltage pulse goes through the small capa- 
citive coupling C, to the pulse-output line. The beam, having 
entered box 2, must be kept there until a fixed moment before 
it is utilized by channel 2. To this purpose the even plates are 
normally kept positive, and fed by fixed negative pulses from an 
external generator. Consequently the beam steps alternately at 
modulated and at fixed time-points along the tube, until it reaches 
the anode, where it is re-set by the high anode-resistance. From 
this, a pulse may be taken out and used for synchronizing purpose. 
The current distribution in time is shown by fig. 41, where the 
shaded areas represent the modulation ranges. 


Vp 18. De-modulation 
sani A basic circuit is shown by fig. 
42. In this trochotron the beam 
Vst should be shifted in exact syn- 


chronism with that in the modula- 
tor tube. To this purpose the odd 
plates are fed with the received time- 
modulation by varying the supply ™odulated pulses, and the even 

voltage of a plate. plates by fixed pulses synchronous 


Fig. 40. Principle of achieving time- 
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Fig. 41. Distribution of current and pulses in time. 


with those used by the modulator. The anode is fed by the syn- 
chronizing pulse. The current distribution in time is the same as 
in fig 41. Here the currents to the rest-boxes are also utilized, to 
obtain outputs in push-pull. 
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Fig. 42. Pulse-stepping de-modulator circuit. 
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19. Power, linearity, noise and cross-talk 

Circuits for telephony make very high demands on the trochotrons. 
At first hand the precautions mentioned in the chapter on pulse 
technique must be taken, but attention must also be paid to sources 
of cross-talk and noise. We shall restrict ourselves here to a few of 
them, which are inherently associated with the trochotron. 

The specific trochotron noise (see Astr6m loc. cit.) is overcome by 
keeping the beam current within a safe value. 

Cross-talk is caused by capacitive effects within the tube, but also 
by »leak-currents». These are of three types: Firstly, leak currents 
above the beam caused by its degeneration. These are essentially 
picked up by spades, and do scarcely any damage. Secondly, leak 
currents escaping through interstices between electrodes and in- 
sulation. These are picked up by lead-in wires and cause complicated 
effects, which however can be kept of minor importance by careful 
designing of the tube. Thirdly, leakage current continuing below a 
spade due to its inability to catch the whole beam. This current 
goes entirely to the farthest end of the tube and may be picked up 
there by an extra electrode. 

As far as the power is concerned, the modulator requires much 
less than can be supplied by an ordinary carbon microphone, but 
at a higher voltage, making a step-up-transformer necessary. The 
de-modulator may deliver sufficient output power, at least if the 
channels are few. Consequently, audio amplifiers in every channel 
are unnecessary, at least at the modulator. 

The linearity would be nearly exact if the plate resistances at the 
modulator could be chosen infinitely great. However, the time con- 
stant of the plate-circuits must be kept sufficiently small, to avoid 
cutting off the high modulating frequencies. 


20. Circuits based on cathode-voltage-switched trochotrons 

Pulse-time modulation can also be acquired by another method of 
operating the trochotron, in which the beam is not stepping but is 
shifted by the cathode voltage. 

Referring to fig. 43 we assume all spades and plates as being 
connected to an ideal voltage divider. The cathode, as well as anode 
and rail, is supplied by a variable voltage V,. When we change V,, 
we get a current distribution to the different electrodes similar to 
fig. 44. 
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Fig. 43. Cathode-voltage-switched trochotron. 


Fig. 44. Current distribution as function of the cathode voltage. 


21. Modulation 


We now suppose the cathode fed by a saw-tooth voltage of the 
cycling frequency and an amplitude equal to the voltage between 
the first and last spades, as shown by fig. 45. Restricting ourselves 
to one box, if we superimpose a modulation on the plate voltage, the 
current distribution in that box becomes affected, according to fig. 
46. That is, when the voltage of plate N is increased, the current 
to spade N+1 arrives later (not until at a higher cathode voltage) 
than normally. In this way the rising slope of the current curve 
for the next spade becomes modulated by the plate voltage. The 
current to the preceding spade N also becomes somewhat modu- 
lated, but only on its falling slope. This can be understood by the 
fact, that the rising slope of the current curve of spade N is produced 
when the beam goes to box N—1, where it is shielded from influence 
from plate NV. 

A complete modulator circuit is seen in fig. 47. In order to con- 
vert the time-modulated spade-currents into voltage pulses, a small 
resistance is inserted in series with every spade. The voltages, de- 
veloped across these, are taken out through small capacitances with 
differentiating action to the common output line, for further ampli- 
fication to operate a trigger. In this circuit it is evidently sufficient 
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Fig. 47. Cathode-voltage-switched modulator. 
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‘p to provide each channel with only 
one box. However, the output 
from the trochotron is very small 
and requires rather high ampli- 
fication. 


22. De-modulation 


t The cathode-voltage-switched 
(Y%) trochotron is also suitable for de- 
Fig. 48. De-modulation. modulation. The circuit is similar 


to fig. 47, but with the spade 
resistances omitted. The received time-modulated pulses are used 
to put on the emission for a short moment each, and the slopes of 
the plate-current curves of fig. 44 are used for de-modulation as is 
evident from fig. 48. The out-put power, however, will be very 
small. 


23. Experimental results 

Some preliminary investigations were carried out in this laboratory 
at an early stage of the development of the trochotron. In spite of 
this, the results were quite promising. With a three-channel system 
of the previously described, stepping type, communication could be 
achieved without any audio amplifiers in the channels. The cathode- 
switched circuits were also investigated and found to work satis- 
factorily. With a combination of a modulator of the latter type 
and a stepping de-modulator the cross-talk could be reduced below 
60 dB. 
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EXPERIMENTAL INVESTIGATION ON AN ELEC- 
TRON GAS IN A MAGNETIC FIELD 


BY 


ERNST 0. ASTROM 


I. Current to a negative electrode 


1. Harlier experiments 


Theory and experiments agree well for electron tubes when no 
magnetic field is present. If, however, a magnetic field is present, 
essential divergencies appear. In a cylindrical magnetron the anode 
current should cease abruptly and completely at a certain critical 
magnetic field strength, as shown by Hutu.!) The experimental cut- 
off curves have rounded edges and the current does not drop to 
zero above cut-off. Further, the cut-off occurs at a magnetic field 
strength up to ten per cent greater than the expected value.’) 

Some years after HULL’s experiment, Lanamutr®) found that in 
the cylindrical, non-oscillating magnetron there were electrons having 
sufficient energy to go to the end plates, which were negative relative 
to the cathode, and WieportscHik*) has shown that the velocity 
obeyed the MaxwELLIAN distribution law. 

Linper’) has also found a MAxwELLian distribution, and shows 
that the mean velocity is directly proportional to the square root 


1) Hutt, W. A. The effect of a Magnetic Field on the Motion of Electrons between 
Coaxial Cylinders. Phys. Rev. vol 18 p 13 1921. 

2) Harvey, A. F. The Cut-Off Characteristic of Single Anode Magnetron. Proc. 
Camb. Phil. Soc. vol 35 p 637 1939. 

3) Lanemuir, I. Scattering of Electrons in Ionized Gases. Phys. Rev. vol 26 p 
585 1925. 

4) WiaportscHik, I. M. Die Geschwindigkeitverteilung der Electronen unter dem 
Einfluss eines magnetischen Feldes im Hochvacuum. Phys. Zeitschr. d. Sowjet. 
vol 10 p 245 1936. e 

5) Linper, E. G. Excess-Energy Electron Motion in High-Vacuum Tubes. Proc. 
Inst. Rad. Eng. vol 26 p 346 1938 
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of the anode voltage when the radius of the electron path is un- 
changed and the emission is so large as to give space charge limitation. 
Further, it is inversely proportional to the square root of the 
magnetic field strength if the anode voltage is constant. 

During experiments in this laboratory HrErnavist!) found that 
in the »trochotrons» too, currents appear at negative electrodes and 
WALLMARK and STROMBERG?) have further studied this phenomenon. 

It is clear that there is some mechanism which changes the energy 
of the individual electrons. All the above mentioned authors agree 
that the tube is really non-oscillating, but a satisfactory explanation 
is not to be found in literature on the subject. Matmrors,’) however, 
has recently developed an interesting theory. 


2. Measurements on trochotrons 


In the cylindrical magnetron the electron stays for a long time in 
the space near the cathode before they finally strike one of the 
electrodes, while in the trochotron the drift causes the electrons to 
leave the cathode region. In the magnetron one can only estimate 
the length of time an electron has been in the electron gas, as has 
been done by LinpDER,*) while in the trochotron, the length of time 
an electron has been in the electron gas when it is on the distance 
t from the cathode can easily be computed. 

In the magnetron the size of the electron path is determined by 
the applied voltage and the magnetic field strength. In the trocho- 
tron it is possible to change the size of the path without changing 
the field strength, if an electron gun is introduced. 


3. The tubes and circuit used 


In figure 1 the type of trochotron used in this investigation is 
shown. 

The cathode was either of tungsten or a band of nickel, the latter 
coated with oxide. The cathode was situated about midway between 
the anode and the rail. 


1) Hernevist, K. G. Investigation on Electron tubes with Trochoidal Electron 
Paths. (Unpublished.) 

2) SrréMBERG, B. Investigation on the Current to Negative Electrodes in the 
Trochotron. (Unpublished.) 

3) Matmrors, K. G. On the Instability of an Electron Gas in a Magnetic Field. 

4) LinpErR. . Loc. cit. 
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Fig. 1. The type of trochotron used in this investigation. (For further information 
see table at the end of this paper.) 


In all but one of the used tubes, the rail and the side plates are 
connected together and when speaking of the rail in these cases, 
we mean this composite electrode. 

The trochotron was placed in a homogeneous magnetic field, per- 
pendicular to the side plates. An electro-magnet was used. 

Trochotrons very easily produce parasitic oscillations, and the 
more numerous the electrodes are the greater is the difficulty in 
stopping these oscillations. It has been found necessary to use 
damping resistors, 100 4 1 000 ohms, decoupled by capacitors, 10 000 
uur. During present experiments only the leads to the filament did 
not contain such resistors. 

The anode was positive, and the magnetic field always of such 
value that the electrons followed trochoidal paths to the receiving 
plate, which was also positive. 


4. Definitions 

The electron current which flows to negative electrodes in a non- 
oscillating high vacuum tube we shall call »N-current» in order to 
distinguish it from currents coming from other causes. 

Throughout this investigation, all voltages are counted relative to 
the »rail». The anode voltage then defines the electric field strength 
in the space remote from the cathode, and the cathode potential 
the least energy (in electron volts) an electron must gain to be able 
to go to the rail. 


5. Measurements 
a) N-current to a segment of the rail 


In the tube used in this experiment, see fig. 2, the rail was divided 
into 17 segments, of which 16 were 5 mm long (in the direction of 
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Fig. 2. Tube J15 with the rail (and side plates) divided in segments. 
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Fig. 3. N-current to a segment as a function of emission with the distance to the 
cathode as a parameter. 


Tube J15 
Anode voltage 400 Volts 
Cathode voltage 0 Volt 


Magnetic induction 640 Gauss 


the tube length) and the 17th longer, and placed under the cathode 
(cp. a table at the end of this paper). The cathode was situated 
about 5 mm from the nearest of the smaller segments. The segments 
were numbered, with number one under the cathode and with in- 
creasing numbers towards the »receiving plate». 

The whole rail was at zero potential. The N-current to a certain 
segment was determined as a function of the emission, the latter 
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Fig. 4. M-current to a segment as a function of its distance to the cathode with 
the emission as a parameter. Obtained from the same measurements as fig. 3. 


being adjusted by alteration of the cathode temperature. The mea- 
surement was repeated for each of the other segments. The current 
to number 16 and 17 was not measured, since these segments were 
situated near the receiving plate, which disturbed the electric field, 
so that measurements on these segments could not be compared 
with the measurements on the remaining ones. 

In figure 3 we reproduce the result of such an experiment. The 
N-current first increases with the emission, reaches a maximum, and 
then decreases fairly slowly. The greater the distance from the 
segment to the cathode, the smaller the maximum N-current, and 
the further it is displaced towards smaller emission. 

When, on the other hand, we keep the emission constant and 
measure the N-current to each of the segments, we find, see figure 4, 
that the N-current increases with the distance from the cathode, 
reaches a maximum, and then decreases. The maximum JN-current 
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Fig. 5. N-current to a segment as a function of emission with the distance to the 
cathode as a parameter. Logaritmic axis. 


Tube J15 
Anode voltage 400 Volts 
Cathode voltage 100 Volts 


Magnetic induction 1 130 Gauss 
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Fig. 6. N-current to a segment as a function of its distance to the cathode with 
the emission as a parameter. Obtained from the same measurements as fig. 5. 


increases more than linearly with emission. Further, the maximum 
is displaced towards the cathode for increasing emission. 

During the last experiment the cathode was on zero potential. 
By increasing it to a fourth of the anode voltage the N-current 
decreased and we obtained the curves in figure 5 and 6. 

From the former figure it follows that when the emission is small 
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the N-current to a segment increases very rapidly with emission, and 
from figure 6 we can see that the M-current increases very rapidly 
with the distance from the cathode before the maximum is reached. 

Since a few segments near the cathode do not obtain any con- 
siderable amount of N-current, as do all the following, it is evident 
that the process causing the N-current takes place in the electron 
gas when it is drifting along the tube. Not at all or only partially 
can some process near the cathode be responsible for the N-current. 


b) N-current to the rail as a function of the 
emission. 


By integrating one curve in figure 4 from zero to distance | from 
the cathode we obtain the current to this part of the rail. By doing 
the same with the other curves in the same figure we get the N-cur- 
rent to the rail as a function of emission, and can plot a curve of the 
type found in figure 7. This one, however, has been obtained by 
directly measuring the current to all segments, except the one nearest 
the receiving plate, for various values of the emission. 

At low emission the ratio of N-current to emission seems to in- 
crease as rapidly as the N-current to a single segment, but at high 
emission the increase is much slower, which is necessary, as the 
N-current cannot exceed the total emission. 

With 75 volts on the cathode, 8 per cent of the emission, 2 500 uA, 
appears as N-current, and at 50 volts it has increased to 20 per cent. 
A surprisingly large part of the electrons have thus gained a con- 
siderable amount of energy. 


c) Relation betweentube length andemission 
for J,/J, = constant 


During this experiment we first measured the current to segment 
one. The cathode temperature, and accordingly the emission, was 
increased until a certain arbitrary percentage N-current to this seg- 
ment was obtained. Then the experiment was repeated, when both 
segment 1 and 2 were connected to the instrument, measuring the 
N-current. The part of the rail was in the first case 5 mm and in 
the second case 10 mm, and for each segment then connected to the 
previous ones the regarded part of the rail increased by 5 mm. 

When doing so we found that for a certain arbitrary percentage 
N-current the emission must be decreased when increasing the length 
of the rail, see figure 8. 
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The rail current as a function of emission, with the cathode voltage as 
parameter. 
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Fig. 8. The relation between the emission and tube length for a constant value of 
the ratio of rail current to emission. 


Tube J15 
Anode voltage 400 Volts 
Cathode voltage 50 Volts 


Rail current 
0.001 


Emission 


As the space charge density decreases the electrons must travel a 
longer way before a certain number of them have gained sufficient 
energy to be able to reach a negative electrode making, therefore, 
a larger emission necessary to give a certain arbitrary percentage 
N-current in a short tube, than is necessary in a long one. From a 
practical point of view this means that the longer the trochotrons 
are made, the smaller will be the emission permissible, since the 
percentage N-current must be maximized. 


d) The similarity principle 

Measurements were made on three similar tubes, having their 
dimensions proportional to 1:4:16 (cp. the tube table). In the 
smallest of these, the breadth of which was only 1.9 mm, it was 
difficult to get a satisfactory construction, the ends of the filament 
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Fig. 9. The relation between rail current and emission for three similar tubes. 
Anode voltage 200 Volts 


Cathode voltage 10 Volts 
. +. Tube J8 1; B= _ 150 Gauss 
xx Tube J8: 3; B= _ 600 Gauss 
@O Tube J8: 5; B = 2 400 Gauss 


being outside the side plates, this meaning that a considerable part 
of the emission travelled to the receiving plate between the electrodes 
and the bulb. Of interest is the current within the tube, and this 
is somewhat smaller than the emission determined in the experiment. 
Although here an error is introduced, it is possible to reach some 
valuable conclusions. 

During the experiment, the voltage was the same for all three 
tubes, but the magnetic field strength was inversely proportional to 
the size of the tubes. The N-current was measured as a function of 
the emission, see figure 9. (For discussion see 7.) 


e) N-currentasafunction of the cathode vol- 
tage 

Now we keep the anode voltage, the magnetic field strength and 
the emission constant, and determine the N-current as a function of 
the cathode voltage. In figure 10 we have plotted the ratio of N-cur- 


81 


Cathocle voltage ) 


20 <0 60 80 100 120 Volts 
Fig. 10. The ratio of N-current to emission as a function of cathode voltage. 
Tube J15 
Anode voltage 400 Volts 


xx B= 1130 Gauss; Emission = 1 000 uA 
©® B= _ 1750 Gauss; Emission = 1 300 uA 


rent to emission versus the cathode voltage and we can see that the 
N-current decreases with increasing cathode voltage. 


f) Dependence on the anode voltage 

Here we keep the magnetic field strength and the ratio of the 
cathode voltage to the anode voltage constant, and determine the 
6 


82 


MA Eission 


/000 


500 


200. 


100 


/00 200 300 400 500 Volts 
Fig. lla. Relation between emission and anode voltage for constant ratio of rail 
current to emission (0.05). 
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Fig. ll b. Relation between emission and anode voltage for constant ratio of rail 
current to emission (0.05). 
Tube J5 
Cathode voltage 0 Volts 
Magnetic induction 250 Gauss 
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value of the emission that gives a certain arbitrary value (5 %) of 
the ratio of rail current to emission, and repeat this procedure for 
different anode voltages. 


In figure lla and b we can see that the emission which 
gives a certain percentage N-current: increases with the anode 
voltage. 


These two curves refer to two tubes, one of which has about five 
times the breadth of the other. Further, the first one has an oxide 


cathode and the other a high temperature cathode. Both these 
curves, however, have the same character. 


g) Dependence onthe magnetic field strength 


All voltages are kept constant. The emission that gives a certain 
arbitrary percentage N-current (5 %) is determined, and this proce- 
dure is repeated for other magnetic field strengths. In figure 12 the 
emission is plotted versus the magnetic field strength for the two 
above-mentioned tubes. 


It is evident that the higher the magnetic field strength, the lower 
is the permissible emission for a certain percentage N-current. 
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Fig. 12. Relation between emission and magnetic field strength for constant ratio 
of rail current to emission (0.05). 
xxx Tube J2 ... Tube J5 
Anode voltage 200 Volts Anode voltage 50 Volts 
Cathode voltage 0 Volts Cathode voltage 0 Volts 
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Fig. 13. N-current to the rail and to the side plates as a function of the anode 
voltage. 

Tube J9 
Cathode voltage 0 Volts 
Magnetic induction 175 Gauss 
Emission 590 “A at 300 Volts anode voltage 

xxx  N-current to the rail 

@©© N-current to the side plates 


h) Distribution of N-current between the 
rail and the side plates 


In this particular case we used a tube which did not have the rail 
and side plates connected. Hence we could measure the current to 
each of them separately. 

The magnetic field strength and the cathode temperature were 
kept constant, and the cathode voltage was zero. The relative 
N-current to the side plates (connected together) and to the rail 
are in figure 13 plotted versus the anode voltage. 

When the anode voltage is low the emission has been found to be 
space charge limited, and there the ratio of N-current to emission 
is nearly constant, as shown in figure 13. Above a certain voltage 
the mentioned ratio rapidly decreases and in this region the emission 
has been found to be nearly constant. 

Figure 13 shows that in the temperature limited region the pre- 
dominant part of the N-current goes to the rail, and only a tenth 
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to the side plates, but in the space charge limited region the difference 
is very much smaller. 


6. An empirical formula for the N-current 


The most concise abstract of the measurement made is the 
empirical formula 


L=iL-eF 
V; Vs" (1) 
| Va Des 
I, = N-current to the rail V, = Anode voltage 
I, = Emission V. = Cathode voltage 
1 = Tube length B = Magnetic induction 


When J,/I, is very small, an exponential function, a parabola of 
higher degree and e. g. (1) can illustrate the observed dependance 
on emission equally well. Since of the mentioned formulae only (1) 
is satisfactory, also for large values on I,/I, this is prefered here. 

From figure 10 we can conclude that for low values of the cathode 
voltage J,/I, is approximately an exponential function of the cathode 
voltage i. e. f in (1) is a linear function. At higher values of the 
cathode voltage, however, a term of second power must be added, but 
then good agreement with the observed points will be obtained. 

Figure 11, 12 and 8 show that the relations between J, and V,, 
I, and B, I, and 1 for I,/I, = constant can be described by straight 
lines in log scales. These measurements can be summarized in the 
formula 


I, - B? - V~®® - 1%” = const. for I,/I, = const. (2) 


For discussion see LINDBERG.') 

From figure 8 we can conclude that for J,/J, = constant is I - 1°” 
= constant a good approximation (cp. (2)). The longer the tube, 
the smaller the permissible emission. 

The derivative of (1) with respect to J has the same character as 
the curves in figure 3 and 4 which are obtained experimentally. 
The real increase with distance from the cathode (figure 6) resp. 


1) LinpBERG, L. Design of Trochotron Circuits. 
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with emission (figure 5), however, is much larger than that given by 
(1) before the maximum is reached. 

In trochotron tubes used in practical applications the emission 
is usually kept constant and the beam is directed to electrodes at 
different distance from the cathode.!) The more remotely an electrode 
is situated from the cathode, the fainter is the beam current (part 
of the emission has gone to the rail) and the more it has been 
widened (in the direction of the electric field). Consequently the 
different electrodes must have different properties. This has also 
been confirmed experimentally. Only for large emission is the differ- 
ence considerable. 


7. Discussion of the similarity principle 


The curves for the two larger tubes in figure 9 coincide quite well, 
and the curve for the smallast tube almost coincides with the two 
other curves. According to the present measurements the emission 
is 700 and 1 000 wA for the largest resp. smallest tube (figure 9) for 
a given value on the N-current. 

For constant emission the increase in size 1: 16 causes an increase 
in the space charge density 1: 256. Since such a large change in the 
space charge density and a simultaneous increase 16 times in the 
magnetic field strength does not alter the emission more than 30 %, 
for a constant N-current, one must conclude that if the electric and 
magnetic field strengths are varied inversely proportional to the 
size of the tube, but the emission is kept constant, the N-current 
will remain constant. ; 

If we can tolerate a certain amount of N-current and, as is often 
the case, the anode voltage at our disposal is limited, the emission 
must be below a certain value, often smaller than desirable. By 
decreasing the size, no improvement in this respect can be expected, 
since, according to the similarity principle, unchanged emission 
gives unaltered N-current. Only if the smaller interelectrode capaci-: 
tancies (or the smaller size of the tube) are valuable, is the decrease 
of the tube size of any interest. 

If, however, after a similar decrease of the tube, only the breadth 
is restored to its former value, it would seem possible that the current 
can be increased, in the same proportion as the increase in the breadth. 


1) Atrvén, H. On Trochoidal Electronic Beams and Their Use in Electronic 
Tubes (»Trochotrons»). 
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II. Noise in the trochotron 


In the trochotron as much emission is wanted as possible. Long 
before the emission is space charge limited, a severe noise, which 
rapidly increases with emission, appears, and the noise level grows 
much larger than that corresponding to ordinary shot noise. Since 
the applications often determine an upper limit for the tolerable 
noise level, that level then determines the largest emission to be 
used. Study of this noise is consequently of great interest. 


1. The noise as a function of emission 


The anode and receiving plate were at positive potential, and the 
latter electrode received the whole emission. The receiving plate 
was loaded by a 100 ohms resistor and the noise appearing across 
it was indicated by an amplifier (Hallicrafters SX 42) with a linear 
detector. To insure that no a. c. voltage occurred at any electrode 
except the receiving plate, they were connected the shortest way to 
the rail through capacitors (10 000 uwuF, mica). 


The noise was compared with that from a saturated diode (an 
812 tube with the grid connected to the anode). The anode of this 
tube was connected to the receiving plate and its cathode to the 
rail. 


With only the trochotron filament heated, a noise was observed. 
The diode current necessary to obtain the same noise current, with 
the trochotron inoperative, can then be taken as a measure of the 
trochotron noise, since in both cases the noise spectrum is flat within 
the regarded, small frequency band. 


The square root of the ratio of diode current to trochotron 
emission must then be equal to the ratio of experienced noise to 
the shot noise, corresponding to the trochotron emission. In figure 
14 the former ratio is plotted versus the trochotron emission. We 
can see that up to about 1 500 wA a noise of the shot type appears 
but that above this value the trochotron noise increases much 
more rapidly with emission than does the shot noise. 

This measurement indicates that in the trochotron two types of 
noise appear; first the ordinary shot noise, and secondly another 
type of noise which we can call »N-noisey since it probably has the 
same cause as the N-current. 
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Fig. 14. Ratio of appearing noise to shot noise level at 3 Mc/s as a function of 
emission. 


Tube J2 
Anode voltage 1 000 Volts 
Cathode vo6ltage 100 Volts 


Magnetic induction 250 Gauss 


The first one increases proportionally to the square root of the 
emission but the latter type at a much higher power, and therefore 
the N-noise can be ignored (relative to the shot noise) at a low value 
of emission, and vice versa, at high emission. 

Since the N-noise increases so rapidly with the emission we soon 
reach a diode current, for the same noise power as in the trochotron, 
which can hardly be realized. In this region the diode is replaced 
by a standard signal generator. 

At the detector after the amplifier the trochotron noise gives a 
certain voltage. With the trochotron replaced by the generator, 
the output of the latter was adjusted to give the same detector 
voltage, as was obtained when the trochotron was coupled to 
the amplifier. The noise voltage from the trochotron must then be 
proportional to the sine wave voltage from the generator. 

The noise was measured as a function of emission for some values 
of anode voltage and the result is given in figure 15. In this region 
also, the noise increases much more rapidly than does the ordinary 
shot noise. 
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Fig. 15. The noise at the receiving plate as a function of emission with the anode 
voltage as a parameter. 
Tube J2 
Cathode voltage = 0.1 x anode voltage 
Magnetic induction 300 Gauss 


2. Relation between the noise and the anode voltage for a constant 
noise level. ; 

The magnetic field strength was kept constant. The emission 
which gave noise of a certain arbitrary level was determined and 
the measurement was repeated for several anode voltages. 

The curve obtained in figure 16 shows that the necessary emission 
for a constant noise level increases with the anode voltage for low 
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Fig. 16. Relation between anode voltage and emission for constant noise level. 
Tube J18 
Cathode voltage = 0.1 x anode voltage 
xx 936 Gauss 


Magnetic induction ©@ 815 Gauss 
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anode voltages but is independent of this voltage when it exceeds 
a certain value. The transition between these regions seems to be 
quite sharp. 

In the steep part of the curve the N-current dominates, and conse- 
quently we can conclude that the necessary emission for a given 
arbitrary N-noise level increases with the anode voltage. In the 
right part of this figure, however, the N-noise can be ignored, relative 
to the shot noise. Since the shot noise is independent of the anode 
voltage, the slope must be zero. 


3. Relation between the emission and the magnetic field strength for 
a constant noise level 


In this case the anode voltage was kept constant and the emission 
was increased to give a certain arbitrary noise level, and this proce- 
dure was repeated for several values of the magnetic field strength. 
The result can be found in figure 17. 


MA \Emission 


500 


200 


/00 
200 300 500 y000 GQUSS 


Fig. 17. Relation between the magnetic field strength and the emission for constant 
noise level. 
Tube J2 
Anode voltage 1 000 Volts 
Cathode voltage 100 Volts 
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Here also it is possible to distinguish two distinct regions, one at 
low magnetic field strength, where the emission is independent of 
the field strength, and another at high magnetic field strength with 
rapidly decreasing emission. 

In the latter region we have the dependance between the emission 
and the field strength for the N-noise level constant (shot noise 
negligible), and vice versa for the former region. We can thus con- 
clude that for constant N-noise level the necessary emission decreases 
with increasing magnetic field strength. 


4. The frequency spectrum of the noise 


The principal purpose of this measurement was to find out whether 


eB 
anything particular happens at the angular frequency = To 


ensure that this frequency falls in a region where measurements are 
relatively easy to perform, a small magnetic field strength is neces- 
sary and hence, in accordance with the similarity principle (which is 
probably also valid for the noise) a large tube (tube J 8: 1 in the tube 
table). 

The receiving plate was on rail potential so that the electrons, 
after having passed the tube, went to the anode. The noise voltage 
was measured over a 100 ohms resistor in the anode lead. To make 
the load reactance zero, a parallel resonant circuit, which, with the 
tube reactances included, was tuned to the frequency to be measured 
was connected across the 100 ohms resistor. 

The noise voltage was measured by an amplifier, having a square 
law detector. 

For calibration a standard signal generator with an internal resi- 
stance of 100 ohms was connected to the amplifier instead of the 
trochotron. The sine wave voltage from the generator which gave 
the same voltage at the detector as the trochotron was determined. 
If the bandwidth of the amplifier is then known, the noise current 
from the trochotron can be computed. 

The common and more accurate method, by comparison with a 
diode cannot be applied here, since diode currents of too great a 
magnitude would have been necessary. 

The spectrum from 0.5 to 130 Mc/s was examined. In figure 18 
the results for three values of the magnetic field strength are repro- 
duced. All these three curves have the same character. In one 
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of them the gyro frequency was 75 Mc/s but nothing remarkable can 
be found at this frequency. The two other curves, having higher 
gyro frequencies, show the same behaviour at 75 Mc/s as the former 
ones, and therefore we must conclude that nothing particular happens 
at the gyro frequency. 


5. Discussion 


Within the small region presented in figure 15, an exponential 
function seems to be as good an approximation as a parabola of 
higher degree. In the latter case, the slope in a log scale seems to 
be independant of the values on the electric and magnetic field 
strengths. The noise is proportional to J?’ where m is approximately 
2.8. 

Figure 16 shows that for constant N-noise level the relation between 
the emission and the anode voltage is a straight line in the log scale, 
giving I,- V;”° = constant. Here we obtained exactly the same 
relation as for the corresponding N-current. This probably indicates 
that the N-current and the N-noise have the same cause. 

The preliminary measurement in figure 17 indicates that for 
constant noise level J,-B" = constant where n ~ 2.2, which is 
fairly near the corresponding value for the N-current case. It is 
possible that a more accurate measurement here also will give the 
value 2.0 to the exponent as in the N-current case. 

In hot cathode arcs an intense noise appears and in measurements 
made by Cobine and Curry’) we can observe that at 1 Mc/s the noise 
current for a 6 D4 tube is about 500 pA|V M c/s when B = 375 Gauss 
and the anode current 5 mA. 


When reducing the size of the trochotron tube used for the spectrum 
measurement to the same size as the 6D4 tube, the magnetic field 
strength increases to about the same value as that used in the 6D4 
case. Then both the noise level and the emission are approximately 
1/20 of the values in the measurements of the gaseous discharge. By 
increasing the emission in the trochotron only about three times the 
same noise level as for the 6D4 tube will probably be obtained. Thus, 
in both these cases, a noise of about the same magnitude is obtained. 

The greatest difference is, then, that the noise spectrum in the 


1) CoBINE, J. D., and Curry, J. R. Electrical Noise Generators. Proc. Inst. Rad. 
Eng. vol 35 p 875 1947. 
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high vacuum case is extended to much higher frequencies than in 
the gaseous discharge. 

Since, approximately, the same noise level seems to be obtainable 
if gas is present or not, other conditions remaining unaltered, it is 
possible that the same mechanism causes the noise in both cases. 


Acknowledgement 


My sincere thanks are due to Professor H. ALFVEN for the interest 
he has shown in the present work and for his valuable comments 
on it. 


III. The most important properties of the tubes used 


J2 _ Size of electrode structure: Breadth x height x length 15 x 10 
x60 mm. Oxide coated nickel band as filament. The leads 
to the electrodes shortest way through the glass bulb. 

J5 70X11X55 mm. Cathode: 0.12 mm tungsten wire. 

J8:1 3025x165 mm. Oxide coated, thin nickel wire. 

J8:3 7.5X6xX41 mm. Oxide coated, thin nickel wire. 

J8:5 1.9X1.5X10 mm. Oxide coated, thin nickel wire as cathode. 

J9 The same as. J2 but with the side plates not connected to 
the rail. 

J15 20xX10xX85 mm. Filament: Oxide coated nickel band. The 
rail divided in segments. 

J18 15xX5xX100mm. Cathode: 0.12 mm tungsten wire. Electrode 
leads direct through bulb. (Special care was taken to prevent 
electrons from escaping to the space between the electrodes 
and the bulb.) 
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ON THE INSTABILITY OF AN ELECTRON GAS IN 
A MAGNETIC FIELD 


BY 


K. G. MALMFORS 


During the development of the trochotron tubes it has been ob- 
served that — under certain conditions — a large part of the electron 
current goes to electrodes which are negative with respect to the 
cathode. Similar effects have been observed in cylindrical magne- 
trons. The effect has been subjected to a thorough experimental 
study, the details of which have been published in the preceding 
section of this journal.) In this paper some theoretical aspects of 
the process will be proposed and the conclusions will be compared 
with the experimental results. 

The effect has been studied in tubes of the type shown in Fig. 1. 
In the combined electric and magnetic fields the electrons move in 
trochoidal paths in a direction perpendicular to the electric and the 
magnetic field. The potential distribution in the tube is such that 
the electrons cannot move unaffected in the direction of the magnetic 
field but are limited to oscillating through the symmetry plane. 
When the rail and the side plates are given a potential negative with 
respect to the cathode it seems — according to ordinary laws of 
motion — impossible that electrons should go from the cathode to 
these electrodes. Experiments show, however, that quite a con- 
siderable part of the emission is collected by this negative electrode. 
The effect cannot be understood unless energy has been exchanged 
between the electrons. The energy gain is of such magnitude that 
it cannot be explained as being due to random accelerations in the 
electron gas.?) 


1) E. Astrém: Experimental Investigation on an Electron Gas in a Magnetic Field. 
2) An electron which goes L cm through an electron gas, containing n electrons 


per cm? will on the average change its energy by the amount JAW = e Vn . LZ. In 
the present case (n—~ 10°; LD 10 cm) dW ~ 0.01 eV. 
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Fig. 1. Experimental tube. The magnetic field is parallel to the cathode. 


For a study of the conditions in the tubes it is convenient to regard 
the electrons from a co-ordinate system which moves with the drift 


velocity c-: In this system the electric field vanishes and the 


rz 
electrons move in circular orbits. Furthermore, let us disregard the 
oscillation along the magnetic field and consider a system where 
isotropically distributed electrons move in circular orbits on planes 
which are perpendicular to a homogeneous magnetic field. Since the 
2a mc 


eH 
distortion of the distribution of the electrons will be repeated with 
the period t. Such a periodic variation of the charge density gives 
rise to electric fields varying with the same period. As one electron 
will repeatedly pass the same »accelerating gap» — analogous to what 
is the case in the cyclotron — it can achieve an energy change which 
is appreciably larger than if the accelerations were distributed at 
random. If the density fluctuations in the gas are due to the 
statistical structure, even such »systematic» accelerations will produce 
an effect which is small compared with the observed one. (In this 
case the effect is increased by a factor VN, where NW is the number 
of revolutions. Since, in the experiment tubes, N is of the order 
10°—10°, the effect cannot account for the great discrepancy.) 


time of revolution is the same for all electrons (. = any 


The main influence of a magnetic field acting upon an electron gas 
is that density fluctuations will not immediately be smoothed out 
— as would be the case if the magnetic field were not present — 
but are repeated with the period t. As regards the stability of the 
electron gas there are two alternatives. On the one hand the ampli- 
tude of the fluctuation may successively decrease. On the other 
hand, there seems to be no principal reason excluding the possibility 
that a system is unstable i. e. such that a primary distortion gives 
rise to a larger one after the period t which then is further amplified 
during the next period and so on. The following discussion is 
7 
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Fig. 2. Distortions in the electron gas. 


intended to show that the latter alternative may be the case under 
certain conditions. : 

Let us consider the same system of electrons as above, and further- 
more assume that all electrons have about the same radius of curva- 
ture, 0, in the magnetic field. As an initial condition we assume 
that the uniform charge density will be disturbed in such a manner 
that an electric field, 6, arises within a region P, the dimensions of 
which are some number of times less than 9. This electric field will 
exist during a time which is less than t in the same proportion. 
Electrons which pass this region obtain a change of momentum 


Ap=e-&-a-t (1) 

where 
2a mc 5 
oe eH (2) 


a being a numerical factor, some times less than unity. Geometrically 
it can be shown that a momentum change A p is equivalent to a 
displacement of the circle’s centre. 


Cc 
As=7y 4P (3) 


As being perpendicular to A » (when the components perpendicular 
to H are considered). This means that — as a consequence of the 
displacement of the electrons — there arises an electric field in the 
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regions Q and A (c. f. Fig. 2) half a period after the primary 
distortion. If 6’ denotes the strength of this new electric field there 
applies: 


6’ = f-4n-ne-2As (4) 


where n is the electron density and f is a numerical factor which is 
less than unity and denotes that fraction of the electrons in the 
regions @ and R& which have passed the region P. By combining 
(1), (2), (3) and (4) one obtains: 


6 =a: (4nP-me-55-6 (5) 


Formula (5) shows that the stability of an electron gas is closely 


n 


connected with the magnitude of the expression a- 8 - (47)? mc? - aca 


It may be of interest to point out here that an expression of the 
same form is obtained when the frequency of plasma oscillations, 


4ane 
On = V re is divided by the gyromagnetic frequency, w, = 


The increase of a primary distortion in the lapse of time can be 
estimated by means of formula (5), which will now be written 


G=k-8 (5’) 


Fig. 3 gives a schematic picture of the increase and the spread 
of a primary distortion during four half periods. Such a simple 
consideration shows that the induced electric fields have a tendency 
to amplify the primary distortion. 


As far as the system of Fig. 3 is considered the primary vector 


1 
increases with time as 1+ BN (W+1) (IV (N+1)—2] +... 


100 


4 | 
sil 3 
— eS : —___» 
2 pier 2 
vee” 444 ° He 4% 
J/ <————_- o/——— 
3 <—— 3 <————_. 
———$_» J 
——»3 ; —_—__»3 
2 
Z 444 444 4 


Fig. 3. Increase of a distortion in the lapse of time. The indices at the arrows 
indicate the number of half periods after the primary distortion. 


kt 
where N denotes the number of revolutions, N = ae When Ee 


approaches unity, the induced vectors will be of the same order of 
magnitude as the primary one and the following formula will hold 
approximately: 


8,42 = & + 2h8,, = (6) 
which gives: 


&,~et (7) 
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If the sum of all distortions {|6| dv at the time t is denoted by 
S;, there applies: 


oe es ee a 


and: 


2kt 
S~et 


1 
Since as ij & dv gives a measure of the energy of the electric 
4 


fields this expression illustrates, probably more adequately, the growth 
of the distortion. If S,; denotes the quadratic sum of all distortions 
there applies: 


4kt 
S,;~et 


From this discussion it may be concluded that distortions in the 
electron gas increase exponentially with time, the exponent involving 


kt 
the expression —. 
T 


This discussion referred to a system of electrons which was 
restricted by some particular assumptions. As we shall see, these 
assumptions seem to be justified as regards the conditions in the 
experimental tubes. 

l:o. No error arises from the fact that the drift velocity has been 
neglected, but it must be remembered that the number of revolutions 
is limited by the time of travel in the tube. 

2:0. It has been assumed that the electron gas is not limited in 
the two dimensions perpendicular to the magnetic field. In the case 
of the experiments the one dimension is limited, since the electron 
beam is. rather thin in the direction of the electric field. Even if 
the thickness of the beam is only some few radii of curvature, the 
above-mentioned mechanism is still applicable, the only difference 
being that the exponent has to be divided by some factor between 1 
and 2. 

3:0. Formula (4) contains n, the electron density, which has been 
assumed to be a constant in the whole volume (exept for the 
distortions, which are small). In the tubes n is a function of the 
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distance from the symmetry plane. No great mistake is made, how- 
ever, if a region about the symmetry plane is considered, within 
which the density varies some few times. 

4:0. The oscillation along the magnetic field has been neglected. 
The deduction is still valid, in the above-mentioned region, if one 
more constant, 1 — 6, is inserted in formula (5), 6 denoting that 
fraction of the electrons which leaves the region during the time 
taken by half a revolution. Since this time is negligible compared 
with the time of oscillation in the direction of the magnetic field, the 
correction is of little importance. , 

5:0. The assumption that all electrons have about the same radius 
of curvature seems to be of essential importance for the whole me- 
chanism. In the tubes the radius of curvature is determined by the 
electric and magnetic fields and thus it would seem reasonable that 
this assumption also is fairly satisfactory. 

6:0. Finally, it should be observed that the discussion is valid 
only for small distortions. 

Comparison with the experiments. One of the first results as regards 
the occurence of current to negative electrodes (N-current) in the 
trochotrons was that the current could be observed only when the 
emission, %,, exceeded a certain value, which, furthermore, depended 
upon the applied electric and magnetic fields. It could be shown 
that the phenomenon is governed by the magnitude of the expression 

i, H? 
: RE (8) 


The dependence upon the length of the tube was investigated by 
means of a tube with the negative electrode split up into several 
equidistant parts. By keeping H and £ constant in this tube it 
could be shown that — approximately — the emission requested is 
inversely proportional to the length of the tube. Thus the above- 
mentioned expression has to be completed as follows: 

i, Hl 
ao (8’) 


Furthermore, it could be shown that the N-current varies expo- 
nentially with the emission. Thus the general expression for the 
N-current takes the form: 

ig H21 


iy~we wo (9) 
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The expression is applicable in the region where iy < %,. 

The mutual dependence of the parameters as expressed in (8) has 
also been verified by measuring the noise at the end electrode and it 
has been shown that also this noise increases exponentially with the 
emission. Thus an expression of the form (9) is valid also for the 
noise in the tubes. It seems possible that the expression for the 


1 
field energy, a J & dv, calculated above, is a direct measure of 


the noise energy. If this be the case, the theoretically calculated 


kt 
exponent ae should be compared with the experimental one. By 


l 
applying formulae (2) and (5) and by considering that t = rae 
“HH 
one obtains: 
kt enl 
Tage = 82a B - E 


If A is the cross-section of the electron beam there applies: 


Thus: 
kt 8x2afp Hl 


t c RA 


(10) 


The cross-section of the beam has not yet been determined ex- 
perimentally and therefore A can only be estimated. It seems reason- 
able that A is a function of the radius of curvature which is given 
by the formula 


mc E 
Ce 


Since A probably increases with e, formula (10) gives an expression, 
which has the same character as (8’). 
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Complete agreement would be achieved if A increases proportionally 
to the square root of 0. 

Furthermore, the exponent calculated theoretically is of the same 
order of magnitude as the experimental one. From one experiment 
series!) there results that the exponent may be written 30 7,4 when 
1=6 cm, H = 300 Gauss and # = 400 V/cm. With the known 


kt a 
figures inserted in formula (10) ery takes the form: 10 AL Vins: 


ap ; 
This means that there is quantitative agreement if ae has a value 


about unity, which is obtained with reasonable values of a, 8, and A. 
(a= 0.2;8 = 0.2;A4 = 0.05 0.5 cm?) 


Electronics Laboratory. 


The Royal Institute of Technology. 
Stockholm. 


1) Cf. Fig. 15 loc. cit. 


Table of Contents 


Side 

On trochoidal electronic beams and their use in electronic tubes 
(trochotrons). By Hannes ALFVEN ................ 3 
1. “Antroductions.o5 5.2605 Age ok cs eed OS a ns A BA dd, een oe 3 
2. On the trochoidal motion of charged particles ......... 4 
3. Properties of a trochoidal beam.................4. 8 
4. Current-voltage characteristic of an electrode .......... 11 
5. General properties of a trochotron ...........,.... 13 
6. On electrons in a magnetic field ................. 16 
Design and properties of trochotrons. By TorKEL WALLMARK... 18 
Doe SUNtPOMUCKIONN fe! bcs, Sos Sl ee, & Naya ay SAPS as A Et ee BE ae 18 
2. Calculation of the electron path.................. 19 
3. Visualization of the beam .............00 02s eee 23 
4. Operating conditions ............ 0... e eee ees 29 
5. The size of the electrode system ................. 30 
6. The dimensioning of the boxes ...............0.. 31 
ty SIGES is aieis hres oe pene Baerga calaar Rene enema SEH Wey Bp UE SU ae ARG Arey Ge 32 
8. Ansulationss 3 2 6g eae ee A eee ele Se a a ss 33 
9.) “Uexelectron Source vas cafe seth oS a na ng ee eee BTL 34 
10. Deformation of the spade characteristics. ............ 35 
1l.. “The: coordinate: tube’... 3.6 io a SE ee 36 
12:\ <The: byzspade tube* i225 -. 28 Vaile ae ed ot ae po te ae ea 36 
13. Construction of the tube... 5..........02.00200. 37 
Design of trochotron circuits. A summary by LENNART LINDBERG. 39 
‘Principal! circuits soe. sesh Bi ae eee oh oe tee eet eS ene ded ad 39 
1. The basic plate-pulsed circuit ..............20004 39 
2. R-C-coupled plate-pulsed circuit ................. 41 
3. Push-pull coupled plates... 1... 2. ee ee 41 
Pulse:techniquers 4:0) esha ch eRe ade & ate Salta ws aierete yet eee 42 
4. General remarks ............ PRR ae i aes 42 
Study of the stepping process ...........2.000 00000 % 43 
5. The locking of the beam... wu. ee 43 
6. “Switchsover 207. ier GA. chai & ah Beh. Fetal eR OR Gey Slaw 45 
7. R-C-coupled plate-pulsed circuit... .........2..004 50 
Si: GSelfstep pin ge orth aay ovis e ch oe Siar dy ogy Bh seh ve OR eee al ae 3 52 
9. Other pulse-stepping methods ................00.4 53 
10. Re-setting of the beam... ...............000. 53 


ll. Re-set by high anode-resistance .............004.- 53 


106 


12: The, re-set time. be. ae ep etecteivee so oe: Bde ere ee 
13. Re-setting by a special electrode ................ 
Applications. ........ Bibacere; phase Mah ae eel aah a ne Wy Re ee es 
‘14: Avipulse “counter. sce sate cv. ce, sie ete ea 8 ee Wate Saas i Se SERA a, 
16. «A chronoscope> <6.’ ae a Sar a A Re BP Ee Soe By ah a a ew 
Pulse-time-modulation by trochotrons................. 
16. Circuits based on stepping trochotrons ............. 
17.. .Modulator“circuit: <:..5-5%. aoc a Hee be Ee Se we ae ee 
18. \De-modulation 23124. d ths eet © at fe ek Ade ee rd ed EG 
19. Power, linearity, noise and cross-talk .............. 
20. Circuits based on cathode-voltage-switched trochotrons .... . 
21. Modulation ........ ss Za. pak ee oa ph can ee Md PN 
22:. De-modulation: 4. 6.04% eae o ee ae we we EO OS eg 
23. Experimental results .. 1... 1. ee es 
Achnowledgement «6s ssn ee oe ESE Rw eR 


Experimental investigation on an electron gas in a magnetic field. 


By anst) 0; AStROM Gea sds gk Feed Hye wae ere ee 
I Current to a negative electrode .................. 
l. Earlier experiments .. 1... 6 bee eee tee eee ee 

2. Measurements on trochotrons ....... 2... 20. eee eee 

3. The tubes and circuits used... 2.2... ee 

4.. “Definitions: sie 6 vo hese Oe a gg ee SR Se 
5sMeasurements:® 15 ed 2.25 2 eo: teenie don Wee Fall oes ah er e lo ig (ogee Le be 

6. An empirical formula for the N-current ............. 

7. Discussion of the similarity principle ............... 

II Noise in the trochotron..............0..2.0000. 
1. The noise as a function of the emission ............. 

2. Relation between the noise oad the anode voltage for a constant 
NOI IO VON cS eerste Ela ees a oad BO, HE pec bawid oS 

3. Relation between the emission and the magnetic field sureniathia for 

a constant noise level ... 2... 2-2 eee ee eee ee ees 

4. The frequency spectrum of the noise ............+6. 

Des “DISCUSSION. hi esh rae Sa Bite ee so LS Riis Sede a @ antee tos 

III The most important properties of the tubes used........ 


On the instability of an electron gas in a magnetic field. By Karu 
GUSTAV “MALMPORS bi cht dealt welt goons eae avo age tans Panis es 


92 


Pris kronor 6: — 


GOTEBORG 1948 
ELANDERS BOKTRYCKERI AKTIEBOLAG 


